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Abstract

A manikin and an automatic resuscitator were used in this
research to simulate the human respiratory function in order to
investigate the performance characteristics of various commercially
available dust respirators currently in use for protection against
fibrous dusts. Some of these respirators which have been approved
by the U.S. Bureau of Mines and other non-approved types are exten-
sively used for protection against pneumoconiosis-producing and
nuisance dusts. Eleven respirators, seven of the approved type and
four non-approved, were tested in this study.

The performance characteristics of these respirators were
evaluated for three different fiber dust concentration levels, Each
level was maintained for a six-hour period of test for each respirator.

The efficiencies of all but one of the respirators were
in excess of 95 per cent for the conditions maintained in the tests.
Furthermore, these efficiencies increased with a rise in dust con-
centration and with the length of time under test.

However, sufficient data was not available for a com=~
parison of performance of the dust respirators for fibrous dust as
opposed to an equidimensional dust.
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INTRODUCTION

Health hazards associated with inhalation of fibrous dusts,
especlally asbestiform varieties, have become a matter of increasing
concern,

Although the best procedure to prevent the inhalation of
harmful fibrous dust by personnel is the removal of the dusts at their
source of generation or the reduction of the dust concentration to levels
sufficiently low so a3 not to cause bodily harm, there are situations
where, for one reason or another, these procedures are inapplicable, im-
practical, impossible or not adequately effective. In such situations,
an efficient personal protective respirator is utilized to protect
personnel,

The use of respirators of many designs has long been promoted
by industrial hygienists associated with the mining industries and the
factories which mamfacture asbestos products. In general, most respirators
are selected. from the list approved for protection against pneumoconiosis-
producing dusts by the U.S. Bureau of Mines. It is recognized, however,
that there is very little published data concerning the efficacy of these
respirators for protection against fibrous dusts in particular.

In view of this fact, Prof. F,T.M. White, €hairman of the
Department of Mining Engineering and Applied Geophysics, McGill University,
has therefore, accepted a health research grant frrom the imndustyry for
performing this research,

The criteria of this research dre based on the normal human



respiration rate in order to facilitate the investigation of the
characteristics of each respiratorts performance. It is necessary to point
out that each respirator had been subject to a six-hour experiment for
each dust concentration level rather than a common test period of 90
minutes only. Furthermore, the tests were made at three different dust
concentration levels. As there were eleven different types of respirators
included in this research, the time for recording experimental data was in
excess of six months,

This information should be useful to industrial hygienists and
safety engineers in aiding them to select the proper dust respirator for

protection against fiber dusts.



Chapter I
GENERAL DESCRIPTION

1. The Mineral -~ Asbestos

1.1 Names of Asbestos

Asbestos is a name which contradicts the essential characteris-
tic of the mineral, and it does not burn. The word asbestos is derived
from the Greek verb 'Shennumi''which means *'to quench®, "die down® or
"extinguish®, The contradiction probably arose through confusion with a
fabulous stone which was reputed to burn with an inextinguishable flame.

The word Masbestos' is used in North America and in North
European languages; but in the southern Latin languages, it is called
"amiantos'; in Dutch and Russian - 'asbests"; in French - Masbeste' or
"amiante™; in Ttalian and Spanish - "amianto' and "asbesto"; in Czech -
Masbest! or "Dobsina'; in Polish, Slovakian and Servian - "azbest"; in
Hungarian - ttazbeszt!, It has also been known in Germany as stone flax
nsteinflachs", and French-Canadian miners refer to it as cotton stone
"pierre-g;-cotton". Crocidolite and chrysotile are Gresk words meaning
"woolly stone" and "fine fair of gold" respectively.

1.2 Humansand Asbestos

The use of asbestos can be traced back to ancient times, It
was almost certalnly woven into the wicks of the “perpetual lamps of the
Vestal Virgins®"., It was also said that cremation cloth was made of
asbestos, and in which dead bodies were emwrapped to be consumed by fire,
and, it was referred to by the people as a rare and costly cloth - "linum

vivun® - "the funeral dress of Kings', They believed it to be of vegetable



origin, the highly silky appearance and unctuous feel giving them the im-
pression that it was an organic substance.

In 28 B.C., a Greek doctor Anaxilous discovered that asbestos
could be used as a material for acoustic purposes after he had found that
if surrounded by asbestos linen, a tree could be felled noiselessly.
Charlémagnets tablecloth, which he recovered harmlessly from a fire in a
successful attempt to impress an enemy, was undoubtedly of woven asbestos,
and our ancestors are recorded as having used the material for napkins
vhich could simply be cleansed by throwing them into a fire, Later on,

a Venetian magazine published that a substance, which was incombustible,
was found in Italian minesszh)

Before the 17th century asbestos was merely an object of super-
stition and curiosity, and until sometime in the 19th century, when ser-
pentine asbestos (or chrysotile) was discovered in Canada, the emphasis
was placed on conservation of heat by lagging rather than resistance to
fire.

| Following the great progression of science within these recent
several decades, when man realized that asbestos is most abundant
and useful to industry, its output has increased over a 1,000 - fold in
60 years, compared with a mere 50 - fold for oil - an industry often
regarded as the symbol of industrial growth.
1.3 The Uses and World Production

There are more than 3,000 recorded uses of asbestos., Since

asbestos is a major constituent in such a wide variety of products, a

fact that we tend to take for granted, the terms for asbestos as:



"the mineral of a thousand uses", 'the magic mineral® and "the mineral

of unparalleled properties®, are most suitable. The absence of asbestos

from a specific product could in many cases radically change its form

and thereby render it useless for the requirement involved.

There are many uses of asbestos,95% of which can be considered

to be chrysotile. Longer fibers are used in spinning and weaving, e.g.

cloth and ropes., The shorter fibers are stronger and interlace more

readily, and are used in rigid compositions, liquids and semi-solids.

The general uses to which asbestos is put, are listed as below:-

Acetylene cylinder packings;

Acoustic plaster;

Asbestos cement;

Asbestos cloth, yarn, woven,
spinning, tapes and ropes;

Asphalt compounds;

Bulkhead lining;

Cements;

Chlorine cell diaphrangms;

Dry mixs

Fibrated greasers;

Filters;

Floor Tiles;

Insulation material;

Oil-well muds;

Pipe fiber;

Acid-resistant compoundss;

Adhesives;

Asbestos millboard,
rollboard, wall board;

Asbestos paper and felt;

Boiler coverings;

Caulking and sealters;

Ceramics;

Curbings

Extruded;

Fillers;

Fire resisting materials;

Friction materialj;

Magnesite flooring;

Paints;

Plastics;



Profile calender; Raw material;
Roof coating; Sheet packing;
Shingle; Welding rods;

Wick packing.

Asbestos probably occurs and is produced in nearly every country
in the world. The major producer in the world was Canada; but in recent
years, there has been a great increase in Russian production which now out-
ranks Canada as the major producer, Due to the recent development of the
Coalinga fiber deposits in California, the production of asbestos has been
increased in the United States over the past few years. Since the Australian
crocidolite mines were closed in 1966, this source was eleminated from the
market. South Africa remains as the significant area producing crocidolite
and amosite,

The world production of asbestos has increased from 500 tons in
1880, to 330,000 tons in 1925, to 446,000 tons in 1938, to 2,055,000 tons
in 1958, to over 3,000,000 in 1968, and that it is still rising as shown
in Fig. 1.

2, Asbestos in Modern Technology
2.1 The Geology and Its Occurrences
Asbestos did not originate as a primary constituent of the earth's
crust because it is a metamorphic or transformation product of other
minerals or rocks, The genesis of asbestos was extended over millions of
years = it is necessary to distinguish between transformation processes

(metamorphoses) and asbestos-producing actions, The different phases of
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asbestos formation did not proceed uniformly because they were affected
by the prevailing local tectonic movements and geological conditionms.
These involved repetitions, changes in temperature, disturbances, over-
lappings, pressure, tension and torsion, &as well as the other factors
such as intrusions, dislocations, fissurings, intense crushing (mwloni—
tization), etc.

Studies by Riordon(gh), Mbvenkov(77), Gabrielse(LS), Berger(15),
indicated that it is essential to distinguish between two kinds of
metamorphic processs the formation of serpentines or serpentinites, and
the productioh of amphibolitic substances, Both metamorphoses were asso-
ciated with an enrichment of the starting materials with SiOz, The
formation of serpentine occurred with auxiliary uptake of water., Both
types of transformations (processes and products), are of prime importance
in explaining that asbestos shows many phenomena and characteristies,

Apparently, asbestos is made up of SiOp, metal oxides, and water,
Their theoretical composition can be viewed as a surface in the triangular
co-ordinate system (Fig. 2).

The transformation processes may be based on the following formulas:-

a) 3(MgPe)pSi0, + S10p + 4Hz0—»2(MgFe); [(OH),Siz05)

(peridotite (hydrothermal (serpentine)
or dunite) solution of
Silicic acid)

b) 3(MgFe),5i0, + (MgFe)siO, + ALH,0—s 2(MgFe); ((OH);51,0,) + (MgFe)o

(Eeridotitoz (a_pyroxene) (serpentine) (oxides)
Polymineralic Peridotite serpentinite)
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1) Chrysotile, Serpentine, Antigorite 3) Crocidolite 5) Anthophyllite
2) Tremolite 4) Amosite 6) Olivine

F16.2: THEORETICAL AND ACTUAL COMPOSITION OF ASBESTOS
(Olivines arc shown to illustrate absorption of water in formation of serpentine)

( Berger, Reference 15 )
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c) 2(MgPe); [(OH);51505) + L(CaMgFe) 5105
(serpentine) (a pyroxene)
—> (caMgFe); [ (OH)S1,011] 2 + 3(CaMgFe) O + 3H;0

(an _amphibole) (oxides)

(amphibolite)

d) 3Ca Mg (C0g), + 25i0, + 2H0 —>Mgy [((OH);Si05) + 3 CaCOy + 3 CO,

(dolomite) (hydrothermal (iron-free (calcite)
_solution of serpentine)
silicic acid)
e) Mg, ((OH)5i0,] + 5FeCO; + 4 510, —
(serpentine) (siderite)
——> MgoFes [(OH)S1,0,¢] o+ LMgCO3 + COp + Hy0
(riebeckite) (magnesite)
£) 5Ca Mg(COy), + 8510, + H,0 —>CayMg, [(OH)S1,0,,), +3 CaCOy +7 Co,

(dolomite) (hydrothermal (actinolite) (calcite)
solution of
silicic acid)

The varieties of asbestiform minerals can be divided into two
main groups on the basis of their crystal structure: serpentine and
amphiboles,

(1) Serpentine - chrysotile asbestos.
(2) Amphiboles includes five recognized asbestiform varieties:
crocidolite, amosite, tremolite, actinolite and anthophyllite,

The geology of asbestos deposits are such that their formation
needs the common geological principle of the right host rock, basic structural
features, and ideal conditions of temperature aml pressure.

"Chrysotile": The most valuable deposits occur in serpentine,

contoured by hydrothermal alteration of ultrabasic rocks such as dunite,



peridotite, and pyroxenite.Emplacement and subsequent alteration of an
ultrabasic rock mass below the then-existing earth's surface took place;
the alteration of form followed,including folding, faulting, and shearing
processes. The serpentine shattered in specific regions affording fractures
for entry of hot water. OSubsequently these waters dissolved the serpentine
(hydrous magnesium silicate) over a certain period of time, pursued by a
decreased pressure and temperature until the solution became supersaturated.
Fibrous crystals of magnesium silicate began to grow within the solution
filled channelways, maintained in their open state by tremendous hydrostatic
pressure. These crystals, which we call chrysotile asbestos, .started

to grow on both walls of the fracture and sprouted imward toward the centre,
The width of the fracture defined the maximum length of the fiber.

This is the most common type of chrysotile asbestos deposit
whose variations are: (a) elip fiber; (b) mass fiber; and, (c) cross
fiber,

Slip fiber deposits are transformed from serpentine. Hot waters
saturated in the highly shattered rock which was subjected to contimal
shearing action during crystallizaticn, and fiber growth presented parallel
to the fracture faces.

lass fiber deposits, for instance: the Coalinga, California type,
display extreme intergranular and faulting‘processes in the serpentine
host rock, through which hot waters diffused. Fibers occur within the
sheared rock as small white leathevy platelets or clumps. Apparently, its
crystal growth occurred throughout the rock,

Cross fiber in dolomitic limestone, its process of formation is
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the same as that in the normal cross-fiber deposit. The host rock is of
sedimentary origin, but hot water dissolved the magnesium in the dolomite,
forming supersaturated solutions in contract features,

"Crocidolite and Amosite": Both have a common origin and occur
in similar rocks., The host rocks usually are banded ironstones, which are
transformed from sedimentary formations. The zones within the seams con-
taining the crocidolite veins are soda rich in contrast to the amosite zones;
but crystallization occurred in situ under conditions of moderate pressure
and temperature in the presence of moisture from the surrounding rocks.

"Tremolite, Actinolite and Anthophyllite": They generally occur
in lenticular forms of mass fiber, and are widely found among schistose
igneous and metamorphic rocks rich in hornblende or pyroxene. Also tremolite
and actinolite are often fourd in impure limestone and dolomite that has
urdergone recrystallization,

2,2 The Chemical and Physical Properties

Asbestos differs from other minerals and its chemical and physical
properties are of an entirely different origin., In this aspect much work
has been published in recent years by Speil & Leineweber(102), Hendry(52),
Gaze(h6), Hodgson(sh), and Deer, Howie & Zussman(Bh). The above-mentioned
characteristics will be discussed briefly as follows:~

2.21 Chemical Composition:

The chemical composition of the asbestos 1s dependent on the
asbestos group and its occurrences,

The range of chemical analyses for asbestiform materials are

listed in Tables 1, 2 & 3,



Table 1

PERCENTAGE COMPOSITION OF ASBESTOS

Variely . Si0; MgO Iron oxides CaO

. AlgOg N a,O H. 30 :
Chrysotiles 2 35—44 36—44  0—9% ~ 0—2 12—15
Crocidolites 49—57 3—15¢ 20+-0¢ 2—8 2—4
Amosites 45—56 4—7 31—46% 1—2 1—3
Montasites :
Anthophyllite 52—64 25—35  1—10 0—1 1—5

asbestoses

Tremolite- and 50—63 18—33° 2—17 . 1—10 1—4
Actinolite .
asbestoses

t The water content should not be equated with the loss on ignition.

2 Cross- and longitudinal fibers.

3 The content of magnetite (Fei0:) may be as high as 4%, the content of FeO and FesO; may
reach 65 each, the ratio FeO/Fe:0; varies between 0.5 and 2.0.

¢ Tho bright blue crocidolites from Bolivia and China with higher MgO- and lower iron
content cannot be regarded as anomalics and hence they were included here.

$ The proportion of iron (II) is around 60% in crocidolite; about 805 in amosite,

(Reference 15)

Table 2 Chemical Composition of Chrysotiles

Chrysotiles
New ldria,

Jeitrey \ine California Africa

Ashestos, Quebice  (Coalinga) Arizona . Transva:u Rassian
Ni(), 41.1 KA 41.07 41.83 ) 42.00
MO 41.6 39.9 42.35 41.39 41.68
Fe, 0 0.0 1.1 0.42 1.29 ’ 1.01
FeO 0.5 2.4 0.1 0.08 —
ALO, 0.34 .44 0.55 0.30 : 0.79
Cra) 0.019 0.31 0.03 R . -
Nit 0.010 0.18 tr — -
MO, 0.03 0.10 0.07 0.04 -
€0 0.0 0.9 1.02 ) tr —_
Ti0, 0.0 0.05 ot -0.62 -
Ne.O D 0,04 ir — —
K. (.04 .04 0.0 _ -—
1.0 o 13.2 110 13.97 13,66 12.9

Thearetieal ehirysatile eomparition: 43.4 €2 SiQy, 43.5% MeQ), LG O,

(Speil & Leineweber, Reference 102)




"Table 3
Cuemtear, CorposmoN o \snestiFory. AMPHIROLES

5 Ashestiformn amphibole (cange 3%

: Crocidolite Maesite Anthophiyilite Artiralite Tremelite

; S, 49 .53 4953 56 -58 51-56 55 69

i Mg 0-3 1-7 2834 15 20 2124

i FeO 13-20 3i-44 3-12 515 Q-4

] Fe.O, 17-20 - — 0-3 0-0.5
ALO, 0-0.2 -— 0.5-1.5 1.5-3 0235
Cz0 0.3-2.7 - Y- . 10-12 11-13
K0 0-0.4 0-0.4 - 0.5 0-0 6
Na.0 4.08.3 tr — . 0.5-1.5 0-1.5
IO 2.5-4.5 2.5-4.5 1.0 6.0 1.5-2.5 0 5-2.5

( Reference 102)

The ideal formulas of the six kinds of asbestos as deduced from these

considerations are contrasted in the following compiliation:-

Chrysotile Mg, ((0H), 51 os'j

Crocidolite NagFe ((0H)S3,0,,) ,
Amosite HgFeg [(0H)s1,0,,] ,
Anthophyllite (g Fedy [(omsyoq) ,
Tremolite cagigs ((omsy,0,) , A
Actinolite Cay(Mg Fe)s EKOH)SiLOllj 2

2:22 Physical Properties:

The physical properties of asbestos,which have been known for
many years, include its resistance to heat, noiselessness,high tensile
strength, flexibility, texture, spinnability and acid-resistapce. Chrysotile
is blackish green, yelldwish green or white in c019ur. In most cases the
fiber, when drawn out in threads, is white, with silky luster, The croci-

dolite's luster is very silky, and of a dull, lavender blue colour due to
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the presence of ferrous ions in the molecule. Amosite usually is

a brownish yellow to almost white in colour. Tremolite and Actinolite
are generally white, grey greenish or yellowish in colour.

Their physical properties are shown in Tables L4, 5 & 6.

Table 4
TYPICAL PHYSICAL PROPERTIES OF CHRYSOTILE, CROCIDOLITE, AND AMOSITE
Chrysotile Crocidolite -A it
white asbestos| blue asbestos mosite
Approximate . ¢
diameter of micron 0.01 0.08 0.1 _
smallest fibers
Specific gravity 2.55 3371 3.45
Average tensile < 19
strength 1b. /inch 350,000 509,000 175,000
Modulus of - 6 6 ) "6
elasticity 1b./inch 23.5X%X 10 27.0x 10 .23.5 X 10

( Gaze, Reference 46 )



Table 5

Puysicar ProperRTIES Used ror Citz RACTERIZATION OF ASBESTIRORM MiNenats

M
Chrysotile Crocidolit» Amusite Anthophyllite Actinolite, Tremelics |
Density ¥em® . . 2.5 3.02-3.42 3.10-3.60 2.85-3.57 3.02-3.44
Tacduess (Moh's) 2 " L 5 3-6 51-G 3-6
Crystal system . Monvelinie Monoclinic Monoclinie Orthorhombic Monoclinice
Unit cell dinensions—ta 5.30 +0.002 A 9.754 9.64 18.5 8 0.85 X
b 9.10 £0.05 . 18.0 18.3 18.0 IN
c 7.32 £0.02 5.3 5.3 5.3 5.3
¥ 03° 103° 1057 50 — 104° 50
Refractive index « 1.532-1.549 - 1.654-1.701 1.665-1.696 1.596-1.604 1.500-1.058
2 1 6a2-1.711 1.675-1.709 1.605-1.710 : 1.612-1.6497
¥ 1.545-1.556 . 1.668-1.717 1.098-1.729 1.615-1.722 1.622-1.705

( Reference 102 )
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Table 6

PROPERTIES OF ASBESTOS FIBER

4

Flexibility

Length
Texture

Tensile
strength

Acid
res}stance

Spinnability

Resistance to
heat

Chrysotile Crocidolite Amosite Tremolite Actinolite Anthophyllite g
Very fair to good good brittle brittle brittle to
flexible flexible
short to 3" short to 3" 1/4"to 6" short tp short to short
long long
harsh to harsh or coarse but harsh to harsh harsh to
silky soft pliable * soft ’ soft
very high very high fair weak very weak weak
fairly very good good fairly highly fair to
soluble . resistant resistant good
very good fair fair poor ﬁoor poor
good poor good fair to very good
good

( Hendry, Reference 52 )

A
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2.23 Thermal Behaviour:

The resistance to the action of heat is one of the most important
properties of asbestos. The thermal behaviour of the various varieties.is
not the same. In general, the chrysotile is more heat-resistant than the
amphibole asbestoses, and the anthophyllite asbestos has the best stabi-
lity at elevated temperatures, so its thermal utilization limits are the
highest. "The transformation products resulting from the changes in the
crystal structure (chrysotile — olivine or enstatite) may themselves be

. . (79,105) ]
determined roentgenographically" . The melting points and the

(15)

specific heats of a number of varieties are shown in the followling table

Asbestos Melting point Specific heat

(°c) (keal/kg °C)
Chrysotile circa 1500 0,251 to 0,266
Anthophyllite asbestos circa 1480 0,210
Amosite circa 1400 0.193
Tremolite asbestos 1320 to 1380 0,212 to 0,217
Crocidolite = 1180 0.201

The influence of temperature after exposure to heat is listed
in Table ¥ and Bigures 3 & &



Table 7

INFLUENCE OF TEMPERATURE ON PERCENTAGE WEIGHT LOSS
OF AMPHIBOLE ASBESTOSES AFTER EXPOSURE TO HEAT FOR
120 MINUTES

: Anthophyllite Tremolite
Temp.(°C) Crocidolite =  Amosilte asbestos asbeslos
204 <0.1 0.2 <0.1 <01
315 03 0.6 0.2 <0.1
427 0.7 ' 1.0 04 - 0.2
538 0.9 1.2 0.4 03
650 1.0 14 0.5 04
760 1.03 ) 14 0.5 0.5
8§70 0.9 1.5* 1.1 0.7
980 0.8 - 24 22

* Temperature required to reach the maximal loss of weighé,

( Reference 15 )
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2.2 Acid Resistance:

Since 1885, the reactivity of chrysotile with acids had been
recognized (111) » and, in 1890, chrysotile was found to be the most suscep-
tible to acid attack of all the serpentine minerals by Clark and Schneider(23) .
Later on, an electron microscopic and X'ray diffraction study on acid-treated
chrysotile and antigorite was made by Nagy and Ba.tggl:)and their experimental
results agreed with the above conclusion, Badollet(lo) also summarized the
available information on the stability of asbestiform minerals. Strong
acids can decompose chrysotile rapidly with the removal of all }MgO and a
total weight loss of about 60%., The time required to reach this maximum
loss depernds on the length of exposure, the kind and concentration of the
acid, temperature, and the degree to which the asbestos had been opened.

In contrast to the amphibole asbestos, the chrysotiles, because their
ratio SiOz/MgO = 1, have lest practically all of their strength at the
maximum loss of weight and consequently they should be designated as
acid-non-resistant. The data of solubility of asbestos minerals in 25%
of variety of acids or caustic solution is shown in Table 8,.

Hodgson(ﬂ*) studied the rate of decomposition of asbestiform
fibers in boiling 4N hydrochloric acid. He found the following relative
order of stability as shown in Fig. 5.

2.25 Reaction with Water and Humidity:

Asbestos fibers are subject to attadk by water(sé) . An experi-
ment had been made to prove that the concentration of magnesium in the
extract was quite high during the first 3-4 hours of soxhlet extraction

and afterwards began to decrease. The decrease in magnesium concentration
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Table 8

Roveminny or Asnrstes Mo, v 2397 Ao o Cavrnc?

Pereent oz in welght, rodlixine 2 heues

HCl CHCO0IT a0, 1180y, NaOH

Chivzonle H3.€3 23,42 57.18 337D 0).q0
Crociblite 4.03 =091 1.37 5.69 1.35
Amesite 12 84 2.63 11.67 1.5 6,97
Antlophyilie 2.66 0.50 3.16 2,793 1.22
Actinolite 20,31 12.23 20,19 pd) 9.25
Tremalite 4.77 1.99 4.99 4.58 1.50

e Neproduend with permission from Canaddian Mining and Metetlurgical gulletin, Apeil, 1951,

( Reference 102 )

Fig. 5
Acid resistance of asbestos (4N HC1 boiling)
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was accomplished by the formation of a precipitate of amorphous magnesium
silicate, After the initial rapid reaction, the quantities of magnesium
and silica removed are proportional to the chrysotile composition., The
removal of silica may be preceded by the formation of colloidal silica

or by way of solution. Doubtlessly, chrysotile is slowly "soluble" in
water under conditions of contimuous extraction.

For crocidolite, Thompson(1 12)

had made an experiment and noted
that 4% of the silica and 6% of the sodium are removed by soxhlet extrac-
tion with water. Under this comdition, the action was equivalent to that
of alkalies at corresponding temperatures.,

Asbestos fibers take up moisture from the air by potency of
their adsorption capability. The difference in the rate at which moisture
is taken up and the degree of this adsorption(72’ 87) s in relative humi-
dity of the air, are shown in Figures 6 & 7. A finding that compressibility
under constant pressure increases with rising humidity or moisture content,

is important with respect to the use of asbestos blankets for thermal

insulation. The following results were obtained with Canadian chrysotile

(30 grams).
BEFORE COMPRESSION AFTER COMPRESSION
Relativ?%I)iumidity Volume Density Vol. Change Density
(cn?) (g/cm3) (cm3) (g/cm3)
0 82 0.37 27 0.50
60 68 0.k 21, 0.57

(Reference 15)
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2:26 Tensile Strength:

The tensile strength of the bundles of fibers is dependant
upon the variety and grade of asbestos and is the determining factor
with regard to their extraction from the rock and, this strength
in combination with the length and flexibility of the fiber, contrdls
other characteristics such as their spinning qualities. On the other
hand, the strength of the fibers is reflected in the strength of the
finished asbestos products, 2Zukowski and Gaze(158) revealed a strong
dependence of strength on fiber length with maximum values of
61,000 kg/cm2 for crocidolite, and 58,000 kg/cm2 for chrysotile,
with a fiber length of approaimately 2mm, The data on tensile strength
of asbestos is shown in Tables 9 & 10. The decrease in strength of
asbestos after exposure to heat for constant periods at variable and

constant temperatures is also shown in Table 11,

Table 9
Tensile Strength of Asbestos
Average cross-
. . sectional area of
Tensile strength  Youngs modulus fibers tested
Ore samples (X103, kgz/em?) {X10% kg/em?) (X10°¢ em?)
Chrysotile, Arizona, US.A, 38.5 1.48 2.07
Chrysotile, Thetford, Canada 37.1 1.49 2.13 .
Crocidolite, Koegas, Cape Province 29.0 1,50 1.65 \
Crocidulite, Koegas, Cape Provinee 31.5 . 1.54 1.33
Crocidolite, Pomfret, Cape Province 47.5 1.72 1.64
Crocidulite, Pomfret, Cape Province 36.2 1.78 1.34
Crucidulite, Cochabambo, Bolivia 14.7 1.73 2.43
Amosite, Renge, Transvaal 26.3° 1.46 2.1
Amnsite, Penge, Transvaal 20.2 1.46 l.S(-i
Anthophyliite, Paakilla, Finland 25.0 1.59 0.95

" ( Reference 102 )



Table 10
TENSILE STRENGTI OF ASBESTOS

Asbestos Tensile strength  Elongation Remarks !

(kp/mm?) (%) (V= variation .

coefficient) ‘

Chrysotiles 30 to 125 — General statements i

Quebee 30 to 67 — V=31 to 629, '

Ural ' 75 to 230 1.8 Extremely different ;

test conditions i

S. Rhodesia : 16 to 110 0.5-1.6 Span 16-39 mm; i

fineness, 0.09-0.3 ;

) mm? ;

Transvaal 84 to 79 3.7  V=39-419; |
different test

: conditions i

China 46 to 58 12" V=474% |

: Nm= 1680 !

. 10 mm between clamps !

Crocidolites 70 to 225 —  General statements :

S. Afr. Rep. 60 to 135 1.5 V=39 to 90%; :

without closer ' different test !

designation conditions !

Kurumasn, Prieska 58 to 140 —  Std. dev.9-25 !

Pietersburg 51 to 60 —  Std.dev.4-5 o

Malips River 100 —  Standard deviation, |

. 10 - ‘

Amosite 11 to 63 —  Different test

’ conditions Z

Anthophyllite ‘ <3 — !

Tremolite <6 —_— :

In comparison: Steel wire= 50-150; cotton = 30-70; glass fibers = 80-200

kp/mm? .

( Reference 15 )
Table 11

DECREASE IN STRENGTH OF ASBESTOSES AFTER EXPOSURE TO
HEAT FOR CONSTANT PERIODS (3MIN, 60 MIN) AT VARIABLE
AND CONSTANT TEMPERATURE

Type T_cmpcrature Strength  Decrease in strength
vp (°C) (kp/mms) (%)
Chrysotile 20 92.0 .0
(strength of . 315 8§44 (703)* 84
fiber bundles 427 67.5 26.7
20 to 30u 538 54.8 40.5
diameter after 650 29.5(1.4)* 68.0
3 min at °C)
Chrysotile: [ Strengths 42 to 52.0 24.0 to 35.8
Quebee 3-F :
Chrysotile: at 20°C, 333 t0 67.3 12.0 to 15.0
Quebee 3-K
Chrysotile: Decreases 127.5 185
Quebec Crude 1 <
Chrysotile: after 60 min 88.3 215
S. Rhodesia
mill fiber at 375+ .
Crocidolite: 99.0 : 64.2 .
So. Afr. Rep. 10°C ' :

# yalues in parenthesis after 60 minutes exposure to heat.

( Reference 15 )
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2.3 The Molecular and Crystal Structure of Asbestos
Asbestos' subdivision into chrysotile (serpentine) and amphibole
asbestoses was discussed in the preceeding pages. As in the case of all

natural silicates, the basis of the structural unit of both kinds of

asbestos is composed of silicon-oxygen tetrahedra; the structural difference

in the constitution of the two kinds of asbestos is due to the different
arrangement of the S5i0p- tetrahedra. In chrysotile, their structure is
of 81205 - double layers (laminar structure) in amphibole asbestoses they
join to reproduce Siho11 - double chains (banded structure)., The chains

are held together by primary linkages (principal valences) of interrelated
cations, but the 51305 - layers are interlocked with layers of brucite
(g(on),).

2.31 Chrysotile:

The crystal structure of chrysotile asbestos was recognized by
Warren, Bragg & Herring(Izh’ 125). These investigators realized that the
mineral has a layered type structure similar to the Kaolinite group.
This structure is based on an infinite silica sheet (Si205)n in which all
the silica tetrahedra are peinting in the same direction. Attached to one
side of this sheet is a brucite Mg(OH), layer in which two-~thirds of
hydroxyls are replaced by the apical oxygens of the silica tetrahedra.
The result shows a double sheet (see Figure 8). The mismatch in the
dimensions of the silica and brucite sheets brings a strain in the
structure, Better matching of the layers and relief of the strain can
be accomplished in three ways(102).

(1) Substitution of larger ions in the silica sheet or smaller
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High resolution electron micrographs of chrysotile
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ions in the brucite sheet.
(2) Distortion of the octahedra brucite network or of the tetrahedra
silica network.
(3) Curvature of the sheet with the brucite layer on the outer surface.
After a detailed study from the electron micrographs, Maser,

Rice & Klug(73), and, Yada(13h) discovered that the fibers are not solid
but hollow tubes formed from rolled-up sheets, Chrysotile asbestos,
therefore, consists of bunches of these tubes tightly packed together,
and it seems that the tubes themselves, and spaces between them, are filled
with crystal fragments or amorphous material of the same composition.
The tubes do not stick together very strongly, and a good quality chryso-
tile may thus be fiberized. From an analysis of the electron micrograph,
it appears that the single ultimate tubes are present while most of the
fibers normally encountered consist of bunches of tubes. By means of high
resolution electron microscopy, it is noted that the actual crystal
lattice planes are both parallel and perpendicular to the fiber axis (Figures
9 & 10), The tubular structure is also observed by examining bunches of
fiber "end-on" (Figure 11) in the electron microscope. The mean internal
diameter of the elementary crystal (fibril) of the hollow chrysotile fiber
is about 0.018M4, the external diameter averages 0.034 A, No elementary
fibers actually are found; however, in practice, the diameter averages
between 0,75/ to 1.5, Anon(6) claimed that the cylindrical crystal
lattice (even if filled with amorphous or partially oriented matter)
induces a contrasting effect under the electron beam, giving the appearance

of hollowness in the fiber structure (Figure 12).
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Fig. 12
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( Anon, Reference 6 )
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The sheet structure of the tubes or scrolls is made up of two
layersi the first layer is composed of a continuous network of tetrahedral
silica which is interlocked with the second layer, a brucite-like sheet of
octagonal magnesium hydroxide. The spacing of the hexagonal silica sheet
is somewhat tighter than a perfect fit with the brucite layer and the sheets
are thus contorted into scrolls or tubes with the magnesium hydroxide layer
on the outside (Figure 13),

2,32 Amphibole:

The basic crystal form of the amphibole minerals is not so com-
plicated as the serpentines., A double silica chain (Siho11) is ité basie
structure. These chains are twined “back-to-back", with a layer of hydrated
cations in between to meet the negative changes of the.silica chains, The
final structure is composed by the stacking of these sandwich ribbons in an

~ ordered array. An illustration of this structure is shown in Figure 14.

.

Fig. 14

. - Amphibole structure,

(- Reference 102 )
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The various minerals in the amphibole groups are characterized by the
cations which occur in the structure. The main cations are sodium,
irom calcium, and magnesium. As the bonding between these ribbons is
quite weak, the crystals can easily be cleaved parallel to the ribbons
along A-A,

For each variety of asbestiform amphibole, a different mineral
name is given to correspond with every massive form. Generally, the
varieties of asbestiform material are not found along with the massive
counterparts., Undoubtedly, the local geochemical conditions existent at
the time of formation contributed to the relative ease of cleavage of any
specific deposit and, therefore, to its commercial utility. Both the massive
and asbestiform varieties are of the same chemical compositions and crystal
structure, In spite of their similarity, a petrographic examination and
physical properties still can distinguish the difference.

As shown on an electron micrograph {(Figure 15), the structure of
amphibole asbestos is apparently quite different from that of chrysotile.

It is sufficient to use an electron micrograph of crocidolite as an illus-
tration of amphibole fibers as a whole, amd it is generally impossible to
differentiate with certainty between the various amphibole fibers by elec-
tron-optical methods. The mean diameter of amphibole ranges from 0,1 to
0.%)‘u No elementary fibers actually are fourd, but in commercial samples,

the diameter averages between 1.5 M to 4.0/L. The smallest fibers of the
amphibole varieties are solid and they are coarser than the finest fibers of
chrysotile. Amphiboles have a very good construction consisting essentially of
octahedral cation-oxide units arranged in narrow strips and sandwiched between

corresponding strips made up of hexagonally arranged.silica tetrahedra, The
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: + Electron micrographs of chrysotile (left) and crocidolite fibers at the same magnification.

Fig. 15
( Reference 46 )
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strips are only loosely . bonded to each other along the edges and faces,

ard fibrous cleavage readily occurs (Fig. 16).

. Schematic representation of the structure of amphibole asbestos.

( Reference 46 )
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3. Hazards of Asbestos to Human Health

3.1 Pulmonary Deposition and Penetration of Inhaled

Asbestos Dust,

The respiratory system serves as the portal of entry into the
body for a great variety of air-borne substances, both gaseous and parti-
culate. Many of these atmospheric contaminants are capable of producing
injury and disease when they are deposited and accumulate in sufficient
amounts in the lungs, or, after transfer from the lungs, in sensitive
sites deeper within the body. Timbrell(m) - stated that particles
are deposited in the respiratory system by the action of four different
mechanisns:

(L) Particles are removed from the inhaled air by settlement
under gravity, the magnitude of deposition being proportional to particle
free falling speed and the time avail:dble for sedimentation.

(2) VUhen a change in the direction air flow occurs, particles
owing to their inertia tend to continue on their original paths. Some
may be deposited in this way on the nasal hairs and on the walls of airways.
The efficiency of inertial deposition depends on the relative magnitudes
of the drag and inertial forces. The magnitude of inertial deposition is
thus proportional to the particles' free~falling speed.

(3) Particles suspended in the air are under ceaseless bombard-
ment by gas molecules which congtantly displace them and may cause their
deposition on surfaces in the respiratory system., Particle removal by
this mechanism is significant only in the small pulmonary air spaces.

(4) There is a fourth mechanism. For a compact particle to
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remain suspended in the air, its centre must be separated from all surfaces
by distances greater than the particle radius. Deposition occurs when the
distance from a surface reduces to equality with the particle radius. The
magnitude of deposition by this interception effect in airways increases
with increase in the ratio of particle size to tube diameter. For compact
particles 10 microns and smaller in size the effect is of no real signifi-
cance even in the finest airways which are several hundred microns in
diameter.

According to Timbrellts experimental result,

" The falling speed of a fiber is predominantly determined by
the diameter and shows little sensitivity to the length, especially when
the aspect ratio is high. If a fiber has a sufficiently small diameter,
the falling speed can be low ‘enough for the fiber to escape deposition by
the settlement, and inertial precipitation mechanisms in the upper part
of the respiratory tract, and deeppenetration to the pulmonary air spaces
is possible,

The more symmetrical a fiber, the greater its chance of penetrat-
ing - The limitation of the lengths of the fibers which reach the pul~
monary air spaces is imposed by the nasal hairs and by the small diameters
of the respirstory bronchioles., Timbrell also stated that taking 10 microns
as the upper limit to the diameters of spherical particles of unit density
that can reach the pulmonary air spaces, the expected upper limit to the
diameters of long regular asbestos fibers that can reach these spaces is
about 3,5 microns.

The compact particles found in significant numbers in alveoli
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are 10 nicrons axd shaller in size. It is true even when men are known
to have been exposed to aerosols containing larger compact particles in
sensible concentrations. On the contrary, asbestos fibers 50 microns ard
even 200 nicrons and longer have been fourd in alveoli,

Timbrell (113) also illustrated the states of penetration of

asbestos dust through the respiratory system by Figur‘es 17, 18, 19,

20A & 20B).,
Figo 17
100
" 80 4
G - GLASS
o) . A - AMOSITE
Q 60 : : CH - CHRYSOTILE
g : ' CR - CROCIDOLITE
]
2
& 40
o
20 - .
G | A {cHlcr G | a |cuicr G |a |cH|cr
0
0 -30 30 - 60 60 -90

ANGLE TO AIR STREAM

- Frequency histograms in which percentage of fibers is plotted
agamst angle to the alrstre'\m (axis of duct) in the aerosol spectrometer, for
glass, amosite, chrysotile and crocidolite fibers with aspect ratios <35.

'

( Timbrell, Reference 113 )
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( Reference 113 )
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3.2 The Pulmonary Pathology of Asbestosis

The pathological view of the chemical life history of the asbestos
body, suggests that, if an asbestos needle is thrust:: across, magnesium
hydroxide, which gives an alkaline reaction when it is dipped in an indicator,
is formed at the free end., A series of chemical reactions occur along the
sides of the needle, and such reaction induces illness which is generally
unique in industrial pulmonary disease, These asbestos bodies are about
3 microns thick and 70 microns long compared with the dimensions of the
naked needles of asbestos lying free in the lung which averages 50 microns
in length and 0,5 micron in diameter. Although in shape, they look like "a
chain of beads" as well as "a match with heads at both ends", they are
usually described as !"dumb bell", Whilst the naked needles in the lung induce
a physieo~chemical change to the asbestos, these asbestos bodies become less
fragile and less rigid than t he naked needles., As it lies in the tissues,
the needle gradually become encapsulated with a clear substance which slowly
becomes manifest after about two months‘in the lung.

An illustration of the chemical life history of asbestos body
was made by'Browne(18) (Figure 21), and his detailed description is reproduced
as follows:

" This coating first appears as globules along the centre of the
needle which gives a chain-of beads appearance, Then the ends become sur-
rounded with a thicker curved covering which forms what the German workers
pictiuresquely call a 'hull'. The material from which this 'hull' is made
is amphoteric, reacting with either acid or alkali; it gives a positive

biuret reaction and it is dissolved by the proteolytic enzyme, trypsin.
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The evidence, therefore, strongly suggests that the substance which
surrounds the asbestos needle to form the body is a probein. Indeed, a
kind of asbestos body has, in fact, been synthesized by coating a needle
with egg albumen. As the asbestos body becomes older, the needle in its
centre becomes less noticeable, and finally disappears. No needles can
be seen which are shorter than 10 microns which suggests that they eventuwally
go completely into solution. An asbestos needle count in the lung also
suggests gradual solution, as the longer the patients survive after last
inhaling asbestos, the smaller the intrapulmonary fibers appear to be.
The whole asbestos body eventually becomes segmented and radial cracks
appear in the bulbous rounded ends, and at last, nothing is left but a
string of dark granules which appear to be iron oxide which has gradually
accumulated in the protein envelope as it has become older. What, thersfore,
started as a clear symmetrical asbestos needle ends as an opague collection
of amorphous iron granules, "

3.3 Hazards of Asbestos Exposure and Associated Diseases

The clinical symptoms of asbestosis are similar to those of

silicosis, nevertheless thereare some marked differences. Silicosis
renders’ a patient particularly susceptible to tuberculosis, while asbestosis
seems to lead to enlargement of the heart and often to death by heart

failure. Microscopical exa.mination(lB)

showed varying degrees of fibrosis,
from dense, relatively acelluar fibrous tissue obliterating lung structure
to mild interstitial fibrosis (Figure 22), in which the general archi-
tecture of the lung is preserved., A small portion of the lung showed normal

alveolar walls; in these areas fibrosis was concentrated around respiratory



Fig. 22

A Photograph of Mild Interstitial Fibrosis
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Fig. 23
Asbestosis Body in the Interstitium
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bronchioles., Many histiocytic cells existed in the alveolar spaces in
the fibrotic areas and the alveolar lining cells were often swollen and
cuboidal., Large numbers of asbestosis bodies were seen both in alveolar
spaces and in the interstitium (Fig. 23). Scattered large cells were seen
throwing over and enclosing the bodies., Elsewhere, large cells were seen
containing asteriod bodies. lModerate thickening of the pulmonary arteries
existed. The pleural plagues were composed of dense acellular hyaline
tissues.,

In 1906, asbestos bodies were discovered by Montagne IvIurra.y(sl) s
in the lungs of a man who died in 1900 after having worked in an asbestos
textile plant. Subsequently, King, Clegg and Rae(&’) undertook a series
of experiments with asbestos dust in the lungs of rabbits. They found the
animals exposed to long asbestos fibers developed nodules similar to the
experimental silicotic nodule. The animals exposed to short fibers developed
a Miffuse interstitial reticulinosis®. Then, Cooké2S) McDonald (74),
I/Ierewether(76) s Berkley(lé) 3 Wagner(lzz) R Holt(57) s and Davis(33 )also
experimented with asbestos dust to study deposition and retention in
animals, It was found that when tiny asbestos fibers reside in the body,
they are eventually coated with an iron-protein substance which frequently
forms clubbed ends, giving rise to the typical drumstick appearance.
Eisenstadt (40) congidered that fiber bodies are formed in a period of
10 or more years. Over the course of that latent period, the collagen cover
of asbestos bodies "ripens" by forming transverse cracks, enabling them
to breakdown and liberate a toxin which causes a reactive fibrosis in the

lungs. This substance was thought to be carcinogenic. However, it seems
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unlikely that any human physiological process is capable of achieving
complete destruction of these fibers.

In Colliné‘(zh)

view: " The protein coating of the fibers

is probably simply a defensive mechanism rather than an aggressive one,
preventing further migration of minute needles capable of direct pene-
tration of tissues, " Keal(61) in 1953 quoted a report, by Wyss, of
fibers in the urine of patients with asbestosis and they have also been
fourd in the thyroid and spleen. Keal bfings this as evidence of haemato-
genous spread of fibers, and suggests that a combination of mechanical and
chemical factors may determine the peritoneum as the location of neoplastic
change, These findings may also be considered as evidence that fibers can
and do penetrate tissue directly.

From a peritoneal or ovarian cancer case's clinical report, they
revealed that there is a high incidence in women exposed to asbestos(61),
and the portal of entry might probably be the genital tract. Thus, lympho-
genous spread of the tumours occurs, but haematogenous spread is rarely

(86)

encountered As fiber penetration of skin may occur, ingestion of
fibers and skin contacts to fibers may, therefore, effect a similar result.
In a study of the hemolytic activity of asbestos fibers under-
taken by MacNab and Harington(71), only chrysotile was found to have a
marked hemolytic activity, similar to that elicited by quartz. Other
asbestos forms were either completely inactive or only weakly lytic. They
attributed the high lytic property of chrysotile to the adsorptive capacity

of this type of fiber: chrysotile, in fact, adsorbs five times more pro-

teins from serum than silica,
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As a result of the study in vitro on the hemolytic activity of
different asbestos types (chrysotile, crocidolite, amosite,anthophyllite),
Secchi & Rezzonico(99) observed that chrysoiile proved to have potent
hemolytic activity whereas crocidolite, amosite and anthophyllite were either
completely inactive or only weakly lytic,

(121) stated that & number of hypotheses to explain the

Wagner
pathogenesis of asbestos disease have been proposed, but none is widely
accepted:~

" (a) The original theory of physical irritation — that the
presence of the asbestos fibers in the terminal airspaces caused irritation
anxd damage to the walls of the alveoli leading to fibrosis.

(b) The solubility theory -—— that the fibrosis is due to the
effects of silicic acid and metal ions leaching out from the asbestos fibers.
(¢) The autoimmune theory, in which thereare two concepts:
(1) The presence of the asbestos in the lungs and its reaction within the
alveolar phagocytes or fibroblasts, either produces, or localizes, abnormal
globulin, the presence of which can be discerned by the presence of ¥rheumatoid
factor? in the circulating blood, and in the tissue by immunofluorescent
techniques. (2) That the effect of the fiber on the pulmonary phagocytes
combined with their being entrapped in the respiratory bronchioles may be
a factor in the initiation of the fibrosis. The suggested mode of action
being that lysis of the phagocyte at this site releases a substance that
is not accepted by the tissue as tself?,
(d) The stagnation of phagocytes theory — this is similar
to the second concept in the autoimmune hypothesis, but involves no

immunological mechanism in the tissue-destruction and fibrosis., "
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From the histological viewpoint, symptons of asbestosis may have

the following occurrence with respect to exposure of humans:-

Pulmonary fibrosis (asbestosis),

Bronchogenic Cancer,

Mesotheliona,

Ferruginous (asbestos) bodies,

Pleural plaques.

The following data, presented by Buchana.n(lg) s shows the incidence

of asbestosis and lung cancer, and, the average of tasbestosis?! cases at

death according to type, recorded from 1924 to 1963 in Great Britain (Tables

12 & 13):=
Table 12
INCIDENCE OF ASEESTOSIS ..4 ND LUNG CANCER 1924-1963
Males Females '
Period All Asbestosis and | Per cent with All Asbestosis and | Percent with
cancer of cancer of cancer of cancer of
asbestosis the lung the lung . asbeftosis the lung the lung
1924-1930 13 - Nil i - - Ni}
1931-1940 66 13+ 19.7 82 5 16.1
1941-1950 92 21t 22.8 45 5% 11.1
1851-1960 144 45 31.3 40 11 21.5
1961-1963 7 42} 54.5 18 4 22.2
1924-1963 392 121 30.9 192 25 13.0
*Includes one case recorded as “cancer of pleura.”
tincludes one case recorded as “sarcoma of pleura.”
$Includes four cases recorded as “mesothelioma of pleura.”
( Buchanan, Reference 19 )




AVERAGE AGE OF ‘AspESTCSIS’ CASES AT DEATH ACCORDING TO TYPE

Males

Females

Asbestosis +

Asbestosis +

Asbestosis +

Asbestosis +

Period Asbestosis only tuberculosis intrathoracic | Asbestosis only tuberculosis intrathoracic
cancer cancer
Cases |Av. age | Cases |Av. age| Cases |Av. age| Cases |Av. age| Cases | Av. age| Cases |Av. age
1924-1940 43 49.3 23 44.3 13 55.6 52 39.6* 32 33.7 5 49.0
1941-1950 54 55.9 17 42.1 21 54.3 31 | 45.2 9 317.6 5 41.2
1951-1960 86 §8.1 13 55.3 45 56.4 28 56.7 1 51.0 11 51.0
1961-1963 34 _ 60.4 1 53 42t 57.6 13 57.8 1 54 4 62.5
*Average age at death based on 50 cases only.
tone case also had pulmonary tuberculosis.
Table 13

( Reference 19)

6%
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Chapter II
THE ASBESTOS HYGIENIC STANDARD

AND ITS CONTROLS

1, Hygienic Standards for Asbestos Dust

1.1 Motes & Fibers in the Air

In the mining and processing plantsof the asbestos industries,
the sources of air-borme particulates may be classified as follows:-

(1) Fibrous asbestos

(2) Asbestos type minerals (serpentine, antigorite, etc.)

(3) Non-asbestos type minerals occurring with asbestos

(magnetite, peridotite, chromite, quartz, nickel.)

(4) Non-process materials (air pollution)

An air sample from an asbestos plant taken by any efficient
device and examined microscopically meveals that there are motes and
fibers. The grains or motes can be represented as spheres in shape, and
the fibers may be represented as greatly lengthened cylirders. The
hygienic significance of the two types of particles is different. There~
fore, motes and fibers can be discussed separately.

Motes: Because there is an inherent size classification in

(51, 32, 49, 106) discovered that one

airborne dust, many investigators
seldom sees particles larger than 10 microns diameter in an air sample
from any mineral dust producing operation. Ayer and Lynch (7) took air
samples, from an asbestos textile plant, which appear to be from the
process, and the size-distribution of these other mineral particles was

as follows: Median diameter: 0,45 M to 0.8M3 30 to 55 per cent less
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than 0.5u3 87 to 98 per cent less than 243 1 to 4 per cent above SAL,
the major proportion of the dust by weight of either the total sample or
a respirable fraction is contributed by particles larger than 1 micron,

(38) ard Fultoxgu")

Fibers: Dreesen reported that the normal
diameter of airborne asbestos fibers was less than 0,5 micron. Electron
micrography confirms this; in fact, the diameter of most of the airborne
asbestos fibers is less than 0.1 micron. When the aspect ratio of a par-
ticle is greater than three to one, it is defined as a fiber, most of
which, by number, are short; median lengths from electron micrographs
are between 1 and 2 microns.

Typical geometric standard deviations of air borne samples! fiber
length are 2 to 4. The median length of fibers: 2.5 microns to 3.5 microns;
8 to 15 per cent less than 1 micron; 65 to 75 per cent less than 5 microns;
87 to 90 per cent less than 10 microns. Median diameter (thickness) of
fibers: about 0,55 micron; 43 per cent less than 0.5 micron; 82 per cent
less than 1 micron; 98 per cent less than 2 microns(l'g) . The larger dia-
meter (up to 1 micron) fibers contribute the major portion by weight of
respirable fiber, and among which, there are many small diameter fibers,
most of them are well under 5 microns in length but with virtually no
upper limit to the microscopic length. Fibers up to 50 microns in length
may be visible in the respirable fraction of air sa.mples 3 however fibers
500 microns and longer, some with diameter 3 microns and less, have been
found in clouds of asbestos particles.

The most applicable respirable airborne particle diameters for

asbestos sampling appear to be those suggested to the Office of Health
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and Safety of the United States Atomic Energy Commission by a group of

consultants in 1961, and adopted in AEC regulations, They are:=-

% Respirable Particle diameter unit density sphere
100 =2
75 2.5
50 3.5
25 5
0 10

1.2 The Theory of Fibrous Dust Toxicity

Due to a considerable difference in respiratory tracts and
the number of exposed fibers between humans and animals, it is difficult
to apply any conclusion to human asbestosis from the results of experi-
mental asbestosis performed on animals., However, the experimental
asbestosis has given rise to two causation theories which throw some light
on the relationship of particle size -to' pathogenicity in asbestosis,
They are the theory of mechanical damage and the theory of chemical damage
and ¢hemical action, respectively, )
The theory of mechanical damage was tested by Vorwald, Durkan and

Pratt(izo).

They fourd that asbestos dust particles which were smaller
than 3 microns in length had little or no reaction on pulmonary tissues.,
This was greatly different from silicosis, which is caused by silica dust
of the same size, Thus if asbestos particles no longer than 5 microns are

inhaled, very little disease would develop and the process would advance

more slowly than when the airborne particles contained a predominance
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of fibers of 10 to 50}A(20). In the meantime, Green(hs) states that samples
of asbestos, the cause of asbestosis, indicate that the majority of fibers
are less than 10 microns in length and 2 microns in diameter,

On the other hand, with the chemical theory, it discloses that
fibrosis is the result of the chemical action of an unknown fibrogenic
agent (could be silica) released by disintegration of asbestos bodies

7) 8
. Nagelschmédé%iiscovered that in over half the asbestosis

(,silicates)(13
lungs from Great Britain and South Africa, practically no asbestos fiber
was found, irrespective of grade of fibrosis, and that asbestos dust might
possibly be dissolved in the lungs, or become as minute particles,

According to Findeisen(h1), there is an optimum size of between
1 micron and 2 microns in diameter, at which maximum alveolar deposition
occurs, decreasing to a minimum at about & quarter of a micron amd increasing
as particles become even smaller., Figure 24 shows the retention versus
size by Davies(Bo). Evidently, the smaller particles of silica, down to
perhaps a half-micron, act more quickly than larger ones in producing a
fibrotic condition and, weight for weight, are more dangerous. Whilst there
is no available evidence concerning the effects of silica particles around
the 0,1 micron size, they are considered as of less danger than those
in the 1 micron region. Davies states that, although the fibrogenic activity
of quartz fncreases as particle size deécreasés.: from 5 microns to 0.5 micron,

at some smaller size a reverse tendency must take place as colloidal par-

ticles produce less effect,
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Fig. 24
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( Davies, Reference 30 )

1.3 Hygiene Criteria for Air-borne Asbestos

In April 1964, The American Conference of Gdvernment Industrial
Bygienists (A.C.G.I.H.) presented a threshold limit value'j(TI'_.\*f) for asbé-stos
dust, as determined by impinger samples, of 5 million particles per cubic
foot (177 particles/ml) of air for a daily eight-hour exposure, 40 hours
per week, This figure was rec;:nmended by Dreesen, Dalla Valle, Edwards,
Hiller and Sayers(sg) after a study of SH .employees in three asbestos
textile plants using chrysotile. Only three uncertain cases of pheuno-
coniosis were found in those exposed to dust concentrations under five mppecf,

whereas numerous well-marked cases were found above five mppef. Both
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fibrous and non-fibrous particles were counted, But in 1967, Cooper(27 )
observed that the TLV of 5 mppef for asbestos rests on shakier evidence
than most TLVs. He principally argued that the impinger counts include
all dusts ard that a large proportion of asbestos fibers have diameters
below the resolving power of the light microscope and are not counted at
all. He pointed out that asbestosis appeared in insulating workers who
were exposed to concentrations much below the time weighed average of
5 mppef. Leathart amd Sanderson(67) in some observations orn asbestos
considered a TLV of 5 mppef tobe too high. It has been suggested by
various investigators that as there can be no certainty of a concentra-
tion which is harmless to man, the TLVs for known or suspected carcino-
gens should be established as zero. Ayer & Igrnch(7) suggested that on a
weight basis, the present TLV for asbestos may be greater than 1 mg/m3
of respirable dust. Crocidolite, however, has been shown to produce,
in addition to the asbestotic inflammation, also mesothelioma., In a
statement issued in early 1968 by the A.C.G.I.H., it states:
" Since no safe limit can be established for this form of asbestos
at this time, until more definitive data are obtained, it is recommended
that workers exposed to crocidolite be equipped with air supplied helmets.
In May of the same year, a new proposal was made by the A.C.G.I.H.,
on a TLV of 12 fibers per ml for asbestos fibers larger than 5 microns in
length, as determined by the membrane filter technique (1) . However, they
did not allow sufficient time for various investigators to critically
analyse the TLV of 12 fibers/ml.
Further to the above, they have in 1970, proposed to lower the
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TLV to 5 fibers/ml for all types of asbestos fibers which are over 5 microns
in 1ength(5).

The United States Atomic Energy Commission proposed that the
concentration of the respirable fraction can be compared to a modified
maximm permissible concentration (1PCa) on a simple basis. The following
equation as established by the International Commission on Radiological

Protection can be used to calculate MPCa :

1077 qf,
PCa = e/ e
.6
£, (1-e"0 93 t/T)
where

gf, = burden of radionuclide in the critical body organ (mc)
f5 = fraction of radiomuclide in critical organ of that in

total body
T = effective half life (days)

t = period of exposure (days)
fa = fraction of the body burden in the organ of reference
The published MPC, standards for insoluble particles were calculated from
this equation using the factor f, to represent the fraction of the material,
taken into the body by inhalation, that arrives in the critical organ,
Assuming fg = 0.125 in all cases vhere the lung is the critical organ,
i.e. that 25% of the airborne dust is "respirable", and "one-half of the
respirable™ dust is retained. Thus, the i{PCy for insoluble Mrespirable
dust should be 25% of the MPC for total airborne dust. The International Com-

mission on Radiological Protection stated the following in connection with
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the value of fg :

" Retention of particulate matter in the lungs depemds on many
factors, such as size, shape, ard density of the particles, the chemical
form, and whether or not the person is a mouth breather; however, when

specific data are lacking, it is assumed the distribution is as shown

below.

. . . Readily Other

Distribution Soluble Compounis Compourds (%)

Exhaled 25 25
Deposited in upper respiratory
passages ard subsequently 50 50
swallowed
Deposited in the lu.nﬁs (Lower 25 253
respiratory passages This is taken up

into the body.

% Of this, half is eliminated from the lungs and swallowed in the first
2k hours, maeking a total of 62-1/2 per cent swallowed. The remaining
12-1/2 per cent is retained in the lungs with a half life of 120 days,
it being assumed that this portion is taken up into the body fluids, "

In Canada, Canadian Johns-Manville Co. Ltd. 'has. been using 6 fibers
longer than 5 microns per cubic centimeter as-a Threshold Limit Value at
their mining and milling operations.

An informal limit of 4 fibers longer than 5 microns per cubic
centimeter has long been utilized by the asbestos industry in Englard.

The Committecon Hygiene Standards of the British Occupational Hygiene

(66)

Society have recommended that exposures which lie in certain ranges

of dustiness be designated by categories according to the following scheme:-
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CONCENTRATION AVERAGED OVER 3 MONTHS

DUST CATEGORY (£ibers/cm)
Negligible 0~ 0.4
Low 0.5 = 1.9
Mediun 2.0 - 10.0
High Over 10,0

and they have proposed a variety of acceptable instruments with alternative
specific indices of concentration for sample collection of chrysotile asbestos

dust, These indices are:-

METHOD CONCENTRATION
Membrane filter 2 fibers/cm
"Respirable" mass 0.03 mg magnesium/m>
0.0L mg Si02/m3
0.10 mg ash/m’
0.12 mg asbestos/m3
Thermal precipitator 25 particles/ cm3 greater than
1a after incineration
Impinger 10 particles/cm
Royco particle count 2 particles/cm3 greater than 4 microns

Good industrial hygiene practice tends towards controlling expo-
sures below the hygiene maximum rather than maintenance at the maximum,

As the most relevant parameter of respirable fiber concentration
(i.e. surface area, weight length, count) cannot be determined from present

(62,123)

biological evidence, some Germanic investigators elected to use
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"dust factors" instead of TLVs to evaluate working corditions. The

formula of determining the ™dust factor! is:

where

KA -

Kg X Ky

100

dust factor
total concentration of all dust particles in ppec of
air (ppcc ~ particles per cubic centimeter)

asbestos fiber concentration in ppcc of air

Kesting (63) suggested the following categories for describing

safe limits:

Fl -
F2 -
F3 =
F L -

0-20 esesecsees sososccsessccesse DNO hazard
20_1"0 [ E XN ENNERNN) [ E N NN NN NNNENNNN N low hazam
40.60 eecscssece sssosssssssceses Medium hazard

above 60 000000 0000000t s00000se high hazard

He indicated that an asbestos disease should not be expected with

the range of F & O -« 20, This suggested "dust factor! seems to be reason-

able as it depends upon both the total dust and the fiber, and it is parti-

cularly more applicable in the mining industry, since there might be a

percentage of up to 80 per cent of dust from the parent rock which

could be biologically relatively inert.

As it probably applies in most dusty industries, there are no

reliable quantitative hazards of fibers and other dust particles standards.
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Rajhans(gl) suggested: "™ The TLVs, or the safe limits established in
various countries, are only meant to be used as a guide and should not

be given a legal connotation. It should further be understood that the
values of TLVs have been, in some cases, decreased in the past amd -there
is every possibility that they may be further reduced as fresh information
becomesavailable, especially in the case of known or suspected carcinogens
like asbestos, "

2. Dust Control in the lMining Industries

2.1 Sources of Dust

The many possible asbestos dust sources in mining and milling are
from open pit, drilling, blasting, loading, handling, grinding, screening,
drying, and so forth. In the mine, the most significant source of pollu-
tion lies in the uniqueness of the milling procedure, which is a dry
process requiring large air flows.

The separation of asbestos fiber from its ore, the opening up and
cleaning of the fiber, and finally its blending and grading are done by
mechanical means. Uhereas, most of other mineral dressing processing
usually adopt wet methods which are entirely different from asbestos
dressing processing. And, asbestos milling is, imdeed,a dry process with
considerable handling, which tends to produce large quantities of air-borne
particles and fiber.

Fiber is released by impact methods from the rock arnd is separated
on vibrating screens., With such methods, there is less damage in separating
fiber from rock. In practically all phases of the operation, air is utilized

to separate and to transport the fibrous material., Air is conaidered as
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the life-blood of asbestos milling, Large quantities of dust are produced
during dry asbestos milling., However, pneumatic transport is an inherent
process component so that only a fraction of the total air moving capacity
in a mill is provided exclusively for dust control. Every ton of asbestos
fiber utilizes about 75 tons of process air, and 25 tons of air out of the
process air, are utilized to remove dust at belt conveyors, non-aspirated
screens, bucket elevators, pressure-packing machine, graders, hoppers, rock
and fiber bins, etc.(1o7) As a rule of thumb, Horn(58) mentioned that it
requires ten tons of air to produce one ton of fiber,
2,2 Dust control of the Environment

White(128)

s in "The Total Environment of Mining", suggested that,
one of the aspects in the establishment of a comprehensively attractive
working environment, is a composite one of physical, chemical, biological,
psychological and socielogical elements; together, they constitute the
working conditions within the industry — each giving rise to problems of
control, Therefore, dust control of the enviromment should be designed
to correlate the above suggestion,
A critical design of dust control methods, is recommended as
follows:-
(a) substitution of enclosed mechanical methods to replace manual
handling for dusty work.
(b) effective enclosure of dust-producing machines and plant
(with automatic operation, if possible),

(c) application of exhaust draught at dust-producing points,

(d) general ventilation,



(e)
(£)
(g)

(h)
(1)

(3)
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local exhaust ventilation,

substitution of wet methods for dry,

the use of dust respirators (and other personal protective
devices),

decreasing the daily exposure through a short work period.
isolation of fhe hazardous process from the remainder of the
plant with special protection for workers necessarily included
in the area isolated.

medical supervision.
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Chapter III
THE USE OF DUST RESPIRATORS

l., A History of Respirators

Dust respirators have been in use since Roman times and earlier.
There was concern about the effects of dusts in lead mines and refineries,
and through the ages there has been apprehension about dusts from gypsum,
limestone, .and so forth (116).

In 1931, an investigation was carried out by the British ledical
Research Council at Porton, ;rconcernin g’ the dusts which'cause pulmonary
disease in industry. From the st.udy of a wide range of industries, it was
revealed that finer particles of dust, down to about half a micron in
diameter, were to be found in the lungs of persons affected by occupational
pulmonary disease. After - several yearst! investigation, a general perfor-
mance specification for dust respirators was drawn up which included fil-
tering efficiency, resistance to breathing, comfort and wearability.

This specification was adopted by the Factory Department of the British
Government, who had become activity interested in dust respirators largely
as a result of regulations published in 1931 which made dust respirators
compulsory for some branches of the asbestos industry.

Various designs of respirators were produced in World War I,
ending with the almost historic Small Bax Respirator, which was the first
Government canister respirator desién. Possibly one of the most notable
material benefits of World War I respirator research was that it gave the
world activated charcoal, which is usually an absorbent for gases and vapours

in industiy., Under the influence of war, the researcl. on respirators
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evolved the concept of mechanized respirator assembly methods, standard
methods of test and inspection, and it gave a background of knowledge on
the physiology of the respirator and scme information on the variability
of the contours of the human f ace,

Subsequent to World War 1I, a result of respirator industrial
developments have been encouraged and helped by the Government to désign
the filter materials and other components for war respirators, There are
a number of commercially designed dust respirators, which meet the required
standards and approved for use in specific atmospheres.

In general, the dust respirator position is now better than it
have ever been, but finality and perfection have by noc means been reached,
especially in view of the very much more toxic materials which are now
being manufactured and used,

2, The Principle of Dust Respirators

By definition, avrespirator is a breathing apparatus which in-
corporates a filter and/or absorbent which r emoves poisonous or unpleasant
materials from the air inhaled by man. Respirators, as defined, are
classified into two groups: (A) - Atmosphere supplying, and (B) - Air
purifying,.

The first group (A) consists of the self-contained breathing
apparatus, air-line respirators, hose masks, and air supplied hoods and
helmets. Wearers of these devices are supplied with uncontaminated air
from a source other than the surrounding atmosphere.

The secord group (B) includes the mechanical-filter respirators,

chemical-cartridge respirators, and gas masks. The wearer of these devices
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v
breathes the air from the surrounding area, but a mechanical or a chemical

filter removes most of the contaminants before the air is inhaled,

The main purpose of this research is to study the dust respirators
which are the mechanical-filter types. These are included in the secornd
group. Dust respirators usually consist of a half mask, covering the nose
arnd mouth, with a filter attached. A filter is made of fibrous material
which permits the passage of air, but removes the harmful particles by
physical trapping in the filter as air is inhaled. The characteristics
of these protective devices create some discomfort for the wearer. As the
respirator is used, the accumulation of contaminants in the filter medium
increases the resistance to air flow.

2.1 The Filter Material

The filters are made of various typesof material., Commonly used
materials are mixtures of asbestos with cotton or wool (the filtering action
being overwhelmingly due to the fine asbestos fibers), papers of asbestos
and cellulose felt, and, recently, of fine glass fibers and wool-resin
mediﬂm.

The Canadian and British particulate filters used in the army
canister are composed of a.mixtur; of merino wool and asbestos in definite
proportions. The civilian eanisters contain pads of wool impregnated with
resin, as well as the merino wool asbestos pads. The Americans use paper
filters made of alpha cellulose impregnated with asbestos, The French
particulate filters are composed of alpha cellulose plus activated charcoal.
The Germans used pleated cotton or wool pulp fiber, impregnated with

asbestos,
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2.2 The Physics of Fibrous Filters

The respiratory filter media is composed of fibers of differént
diameters, lengths and orientations in such a manner as pads, felts or
papers, and, notwithstanding the apparent tight packing, the interstitial
distances are usually many times greater than the diameters of particles
which it is expected to remove from the air. Apparently, this word
nfilter” is normally sensed as a sieve, but actually its action is mainly
through the inertial effect of the larger particles and the Brownian motion
of the smaller ones, Uhilst the streamlines of the air bend around the
fibers the massive particles tske a more direct path and in doing so, due
to van der Waals forces, may touch a fiber and adhere. The smaller
particles are accompanied with air molecules to strike across the flowlines,
and to follow a tortuous path so that there are more chances of striking a
fiber. Furthermore, small electrostatic charges on particles amd fibers may
help in increasing filter efficiency and it is also easy to observe that
for particles which deviate by the equivalent amount from an air flowline
those of large radii are more likely to touch a fiber; that is known as
the interception effect. Brownian motion is more effective at the lower
velocities while inertisl effects are greater at higher velocities.

2,21 Basic Law of Filtratlon:

Filters remove particles under two methods: the Rodebush (96)
method and the Taylor1) method.

Rodebush proposed the following equations for sheet or layer

type filters:
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N .  KAX _ _-S

N =
Darcyts Law
p = reveAX
s o XeAX k0
P reveAX re v
where
N and N, are number of particles in the smoke stream
before and after filtration respectively.
X = thickness of the sheet
K = the stopping coefficient
AX = actual thickness of filter
r = resistance per unit thickness
P = pressure drop across the filter
v = the linear flow in cms. per minmute
S = KAX

Taylor developed a method for the comparison of filtering materials
on a standard basis, If the filtering material and the cloud of particles
are homogeneous, the filtration obeys the usual exponential law i.e. the
fraction which penetrates the sheet decreases exponentially with the thick-
ness, therefore

-logyaP= Ko T

Darcyt's Law,
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Uo(—logP)oR

A =
K.r
A = 0 .
g = U (~dog P)
r
v = AT
V = G- .é%.
C; = _U.(-logP )?
r
where
U = Flow rate of air cc/min.
A = Area of filtering material in sq, cms,
T = Thickness of filtering material in cms,
R = The resistance constant.
\'f = Volume of filtering material in ccs,
K = Penetration constant,
r = Resistance in cm of Hy0 of a particular filter,
P = The penetration of a filter as a fraction of
unity.
Cy amd C2 = Constant,

The results of some respirator-filter experiments of percentage
penetration related to the humidity, particle diameter, flow rate, and mass
concentration, respectively, are illustrated by Dorman(37) in Figures 25 & 26,
and by Yaffe(135) in Figures 27, 28 & 29.
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Experiments with Carbon Smoke (Particle Size 0.2 - 12,0 Micron)
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Experiments with Carbon Smoke (Particle Size 0.2 - 12,0 Micron)
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2,22 Mechanical Theory of Filtration:

Filtration is neither a screening nor a sieving effect, That

this is so can be readily seen by comparing the diameters of the smoke

particles caught and the pore diameters of the filters, Kaufmangéo)

developed the mathematical theory of the fibrous type of filter, He

considered each single fiber of the filter equivalent to a separation

body as in Sell's(101) theory. The filter would then be composed of an

irregular spaced lattice of such bodies, Kaufmann then considered the

streamline flow around these fibers. Four types of deposition may occur:

(1)

(2)

(3)

A fundamental separation may occur resulting from the relative
location of the particles with respect to the cylinder if the
distance of their path from the fiber surface at right angles
to the current is less than the particle radius. Kaufmann con-
sidered this effect experimentally and found that it did not
depend on the flowrate, but only on the geometrical configura-
tions of the filter, It was found that the filtering efficiency
increased rapidly with the increased ratio of particle size/
fiber size. Thus for this type of filtration, the smaller fibers
will be the more efficient.

Kaufmann then considered the centrifugal forces involved., Using
Sell's relation, he obtained an effect which was a function of
the velocity, the particle radius square, and the reciprocal of
the fiber diameter. Thus, here again, fibers of finer diameter
will increase filtration efficiency.

Filtration will also occur due to Brownian motion, the so-called

diffusion filtration. This deposition is assumed to take place
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mainly on the sides of the fiber due to the passage of the air.
With some approximations, Kaufmamnobtained the mathematical
analysis of this effect. It was fourd to be a function of the
reciprocals of the velocity, particle size, and fiber size.
(%) Kaufmamn also considered the filtration due to electrostatic
attraction between particles and fibers., This was found to be
a function of the reciprocals of the velocity, particle: size
and fiber size.
According to the Kaufmamtheory, the fiber radius plays a very
important role in filtration problems.
2.3 Physiological Aspects of Respirators
An ideal respirator should be designedto meet the scientific
requirements and the wearerts desire. In particular, there must be pro-
per allowance for the physical and biological attributes of the wearer
and his enviromment. As a respirator is inevitably a hindrance, so an aim
of designing it should tend to keep those who are wearing them as near
as possible within normal physiological limits, Cotes(ze) stated that a
respirator should conform to the anatomical and physiological criteria,
as listed below:-
Relation to human anatomy and physiology and individual
variability, including: (i ) Age and Sex
( ii) Mask Fit
(iii) Air Flow Characteristics
( iv) Oxygen or Air

( v ) Mask Deadspace
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( vi) Gas Humidity
(Vii) Temperature Effects

2.31 Mask Fit:

Generally, a half face mask is usually adopted as a dust respira-
tor against asbestos dust, and since-human faces differ from each other in
size, it is difficult to cope with fitness, The United States Bureau of
Mines(117) require a facepiece test in which the complete respirator shall
be fitted to the faces of 15 to 20 persons having a wide variety of facial
shapes and sizes., In order to test the suitability of the fit of the res-
pirator on these subjects, the exhalation valve and the inhalation port(s)
shall be held closed, and each subject shall exhale gently into the face~
piece until a slight but definite positive pressure is built up in the
facepiece, The absence of outward leakage of air between the facepiece
and the subject's face shall be evidénce of acceptable fit of the facepiece.

2.32 Airflow Characteristics

It is very important for a designer to design a respirator with
careful consideration in controlling the resistance to breathing, If it
is too high, the filter may probably become clogged with use, respiration
will be impeded and the wearer may adopt an‘attitude in which a leak
occurs., Whereas, if resistance is very low the forces tending to suck
the mask on to the face during inspiration are also low and the risk of
leaks again increases, The relationship between the effect of age and
the maximum allowable resistance is varied amd this has not been fully
explored. As breathing ability decreases with age, therefore, a resistance

which is acceptable to a young man may not be tolerated by an older one,
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McKerrow(?s) has studied the effect upon maximum breathing capacity in
normal subjects of a series of orifice resistances (Figure 30).

Figure 30 shows the acceptable resistance is likely to vary
with the subjectts ventilation minute volume since it is more vulnerable
to the effects of resistance at high rates of air flow. Thus, in the
specification, it is necessary to include the anticipated work level which

determines ventilation.

3. Standard Test Methods for Dust Respirators

A specific standard test for asbestos dust respirators hasnot yet
been announced by United States and Canadian Governments. As a rule,
asbestos dust is considered as a kind of pneumoconiosis-producing dust.
For protection against this kind of dust, the United States Bureau of
Mines(n7) has defined a standard test for its respirator, as follows:-

" Dust tests of respirators designed for respiratory protection against
dusts having a TLV not less than 2,4 million particles per cubic foot,
dusts, fumes, and mists having a TLV less than 0.1 milligram per cubic
meter. Three respirators will be tested with a mechanical-~testing
apparatus under the following controlled conditions:

(i) Relative humidity - 20 to 80 per cent.

( ii) Room temperature - approximately 250€.

(iii) Rate of contimuous air flow - 32 liters per minute.

( iv) Test suspension -— not less than 50 nor more than 60 milligrams
of flint ( 99+per cent free silica) per cubic meter of air.
The flint shall be ground to pass 99 +per cent through a 325

mesh sieve. The particle-size distribution of the test
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suspension shall have a geometric mean of 0.4 to 0,6 micron,
and the standard geometric deviation shall not exceed 1.96.
( v ) Duration of sampling period -~ 90 minutes for each respirator.
Tested under these conditions, the total amount of unretained test
suspension shall not exceed a total of 4.5 milligrams for the three
respirators nor more than 2 milligrams for any single respirator., "
" The resistance to airflow of a complete respirator on inhalation and
on exhalation will be determined on a mechanical apparatus before
and after the tests are conducted. The contimous rate of airflow
will be 85 liters per mimute. And, the resistance to inhalation of
respirators approved for respiratory protection against radon daughters
and asbestos dust and mist, and which shall not exceed 18 millimeters
of water-column height before and 25 millimeters height immediately
after each test, and the resistance to exhalation shall not exceed
15 millimeters of water-column height at any timeflls) "
In Englamd, penetrad.:ion tests usually adopt heterogeneous clouds
of methylene blue or sodium chloride at flow rate of 30 liters/minute;
the size distribution is nearly all below 1 micron with a mass median
diameter of 0,6 micron. The particuiate is sprayed from a 1 per cent
aqueous solution under controlled conditions and the solid test cloud is
formed by evaporation of the water. The methylene blue test relles on the
matching of the blue stains produced on esparto paper by different volumes
of the filtered and unfiltered clouds. For instance, if a 2 minute exposure
of the filtered cloud (60 liters) matches 24 c:m3 of the neat cloud the
penetration is 24 x 100/60,000 or 0,04 per cent. The British Standard
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states that the penetration as measured on the methylene blue apparatus
should not exceed 10 per cent.

The sodium chloride test relies on the yellow coloration of
a flame by sodium., A photo-multiplier views the f lame through appropriate
light filters and the increase in intensity, indicated by the deflection
of a galvanometer, gives a measure of the penetration, the relationship
being linear. As the result of the measured penetration in this test
is much higher than would be obtained by using natural dusts, (in which
large particles are normally present) therefore, this result should be
treated merely as an indicator which enables comparisons to be made
between different filters.

The resistance to breathing is measured at 85 1l/min. or
3 ftB/min. This flow rate is considered to be about the peak rate of
inspiration of a man breathing at a minute volume of 30 1/min. As for
inhalation resistance, there are two fi.ares mentioned in B.S., 2091 and
1954 for testing dust respirators: Type (A) - 3/L in. water gauge; Type
(B) = 1 3/4 in. water gauge when the whole respirator is mounted on a hollow
model in an airtight manner. The figure for Type (B) is to allow for
higher efficiency fibers. In both types exhalation resistance should not

be greater than 1/2 in. water gauge.
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Chapter IV

STUDIES ON THE EFFICACY OF DUST RESPIRATORS

1. A New Experiment for Testing Dust Respirators

Since the U.S. Bureau of Mines had on August 20, 193/ issued
a test and approval schedule pertaining to particulate filtering type
respiratory protective devices, including dust respirators, many

experi.menters(69’ 93, 100, 127)

have studied the efficacy of dust
respirators; but most of 