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" INTRODUCTION

The work described in this thesis is part-of a-dust research

- «programme carried out in the Department of Chemical Technolagx of

the Royal College of Science and Technology and is & preliminary
attempt to relate the incidence of lung disease in various Scottish
coal mines with the‘environmental conditions existing in these mines.
Work of a similar nature is being cerried out by the National Coal
Board gt the Safety in Mines Research Establishment, Sheffield and
in various National Coasl Board laboratories throughout the United
Kingdom. It was intended to collect a fairly large number of dust
szmples undergreund using a suction apparafus containing & Soxhlet
thimble (1) and to subject these samples to various tests so that
the silicosis hazard due to their presence could be evaluated. |
It was alsc intended to estimate the chemical composition of those
samples by & method which would not lead to the inevitable counting
error encountered by previous workers using purely optical
techniques (2)

A suiteble statistical treatment of the results should have
indicated whether coal miners' pneumoconiosis was indeed a modified
form of silicosis, or whether it was caused almost entirely by the
amount of dust inbaled by the victim, Alternatively, if |
statistical enalysis failed to show either the quantity of dust
present or the silicosis hazard of the dust to be connected with
~the incidence of lung disease, added strength would be given to
Evans' theory (3) that the lung disease contrected by coal miners
is due more to the type of coal dust present then to any other
gingle factor. :

It was found necessary to devote considerable time to developing
methods of sample examination which gave sufficient accuracy, and

were both reasonsbly rapid snd economic in dust. 4As a result,
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insufficient samples were in fact analysed to permit a worthwhile
statistical survey, although a fairly clear idea of the typical
type of airborne dust present in coal mines was obtained and
progress was made in deciding which tests could most suitably be
applied in evaluating the silicosis hazard due to the dust.

The gilicosis hezerd of the dust depends upon two independent
factors: physical factors mainly related to particle size, and
ehenical factors mainly related to free silica content. The
fechniques adopted in estimating the various properties of the
airborne dust are therefore described irn two separate sections,
each dealing with one of these factors.
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METHOD OF DUST COLLECTION

Desien of Dust Collector

The dust samplersemployed were built to a design by Hunterand
Jeap (1) and, 211 but the prototype which Was constructed in this
Department, were fabricated by the FNational Coal Board workshopse.
Each collector consisted essentially of an exhauster operated by
compressed air which drew air from the swroundings through a
Soxhlet thimble, thus filtering it. The entry duet to the Soxhlet
thimble was of fairly large dimensions to increase the volume of
dust laiden _agl.f inducted into the collector. It wes found, so far
as could be established in the samples obtained, that the Soxhlet
thigble stopped even the finest of.particles which.can be seen nndczi'
the optical.microscope, i.e. ¥ 0°5.4, from passing into the compressed
&ir line, ©Fig 1 is a schematic drawing of the H~J dust collector.

Compregsed air was chosen %o provide suction since service
trunking cerrying compressed air, usually at about 50 1b ./inz, is to
be found near most coal feces where it is provided to operate wvarious
pieces of coal-nining equipment. At the time of production of the
prototype the collector was of unique design, but since then a
collector of similar design known as the Hexhlet dust-sampler has
been produced commercially by Messrs. Casella (4) from a design by
Wright (5).

Operation of Collector in Pit

-3ince dust concentrations sufficiently high to create a serious
health hazard generally occur only near the working face in present
day colleries, the collector was invariably operated between 20 yd.
end 50 yde from the face, usually in one of the return airways.

At such a distance from the face ise.greater then ten effective
roadway diameters, the dust concentratioh is reasonably uniform over

the cross—=section of the roadway and there is no apprecisble change,
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due to deposition, in the concentration of dust of respirsble
size (6).

Fig 2 shows how four samplers were arranged to collect airborne
dust samples in Cerdowan Noe 1 Piy, No. 2 East Section. No. 1 sampler
was positioned as indicated in the Main Inteke Road 75 ft. from the
foceline and sampled the inteke dust continuously; Nose. 2, 3 and 4
samplers were positioned as indiocated in the Left Return Road 75 ft.
from the faceline, No. 2 sampler operated intermittently and
collected the dust generated during the stripping shift for consecutive
periods of eight hours duration, Fos. 3 and 4 samplers collected the
dust generated during the brushing and cutting shifts on a similar
basis. This period of sampling was carried out over six working days
and represents & typical underground dust collection progremme,

It should be noted that a series of point sources along the face
were responsible for the dust cloud in the return, so that the dust
produced from any given source was mixed longitudinally by an amount
depending on its position with respect to the sampling point. Any
appreciable changes in longitudinal mixing in the return will only be
produced, therefore, by workers near the rsturn end of the face and
these will be superinposed on a relatively large and slowly changing
background. Further if the air flow in the roadways was turbulent,
as was almost inveriably so, the collector was sufficiently removed
from the source for the dust concentration to be substantially uniform
over the cross-section and sufficiently near to the source for there
t0 be no apprecisble loss of dust of respirable size due to deposition.

Efficiency of Collector

The rate at which the H-J Sampler collects dust, apart from the
efficiehoy of the equipment itself, is obviously dependent upon the
pressure of the compressed air fed to fhe exhauster and the
concentration and average particle diemeter of the dust cloud sampled.
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Various other factors such as the density of the dust being collected
and the visgosity and density of the gas being filtered will also
influence the rate of collection, presumsbly to a lesser degree;

but proper asseassment of these factors under the very variable

oonditions at the coal face was thought not to be praoticable.

Seven runs were performed, however, under reasonably standard
conditions, and en estimate of the collectorts efficiency was
attenmpted from the results obtained from these runs, which are tabulated
in Table 1, The samples from which these data were derived were the
four collected in the exercise.mentioned previously, and a further three
samples collected in the Return Road at No, 7 Section of Kingshill No, 3
folliery during the cutting, stripping, and brushing shifts. The
compressed air pressure during collection of these samples was
substantislly cons€ant at around 50 1b./in.2.

The figures given for dust concentration (§) are expressed in
particles per cubic centimetre, These concentrations were determined
from thermal precipitetor surveys carried out by National Coal Board
semplers during the period of collection and represent the concentration
of dust in the 1 to 5t particle size range expressed as & mean for the
period, this mean being determined from meny estimations. The average
particle size (D) was caleculated from particle size analysis of &
thermal precipitator slide which represented, as nearly as possible,
the mean concentration of the dust during the period of collection,

To be consistent with the units in which dust concentration is expressed
(7), D was calculated as

'ﬁf.ndj R ———— D
D= £n

vwhere n = number of particles counted in a given size range

d = mean projected diameter of particles in given size range.
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Application of the usual filtration formulae to the problem of |
explaining the results obtained proved unsuccessful, but the following
formula, which is derived purely from examination of ewxperimental date
of the type given in Table 1, is suggested for making a rough _
prelininary estimate of the order of time required to collect a given
weight of dust under known conditions of mean dust concentration and
of mean particle size, nameiy,

log,n T = (10510 W+ 2.342) (0.753 x 107% 4 an) -~ = (2)

where W = weight of colliery dust collected in grams.

C = mean dust concentration (1 ~ 5u) in partiﬂles per
cubic centimetre,

D = average particle size, as derived from equation
(1) in microms

= time of collection in hours

This empiricel reletionship enables thz time of collection to be
roughly forecast only when the compressed air fed to the exhauster is
at @ pressure of approximately 5C 1b ./inz.

Teble 1
Collector Performance Data
Collection |  Dust Perticle Size
Sample | Meieht (W) | Time (T) Concentration (8) (D)
- 38 Hours P+p. CeCo

Ce2 2.2 48 286 3420

Ced 5e5 48 256 3 o6
Co bt 11.7 48 322 3463

Ceb5 1 14 123 3462
3K.3 1.2 120 164 2435
3 Kok 2,5 120 oY 297
3 XK-5 2.5 50 272 05
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Thus, according to equation (2), in order to ¢ollect 5.0 grams
of airborne colliery dust having an average particle size D, of 3,04
under a mean dust concenfration (1 to 5ai) of 300 particles per cubic
centimetre it would be necessary to operate the collector underground
for a period of epproximately 275 hours. While this i{s only an
approximate estimate of the time necessary to collect 5.0 grams of
girborne dust under the conditions exemplified, the result shows that
the collection of large amounts of airborne gust using this type of

macro~sampler is inevitably lengthy and consequently expensive,

&s a rough check on whether the Soxhlet filter was allowing small
dust particles to pass and thus leading to preferential filtration,
particularly during the first few minutes of samplings before g
secondary filter of collected dust had formed,a Soxhlet thimble in
which a sample had been collected was seraped clean with a spatula,
washed with water, dried, weighed and finally ignited in a muffle
furnacze at 750°c. The ash content of the thimble (Ou41%) could be
attributed to the coal dust still achering to the thimble after
washing. It is therefore proba'bie that no preferential filtration
is taking place, since, if this occurred, a deposition of some finely
divided mineral material would be expected in the pores of the thimble;
and this is evidently absent.

Conclusion

Vhile the H-J macro dust_ _sgmpler inevitgbly requires long collection
ﬁperioda underground in order to obtain useful quantities of airborne
dust, it appeers to be efficient in collecting even the smallest

airborne particles.,
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PARTICLE SIZE DETERMINATION BY OPTICAL MICROSCOPY

Instrumentation

 One of the most important factors affecting the health hazard of
a2 dust cloud 1s the size of the dust particles, since only very small
particles cean penetrate to tlﬁc' terminal air eacs of the lung. The
nost direct method of estimating the size is to view the dust, in a
suitably dispersed form, by wmeans of a calibrated microscopes

The instrument employed in the present investiéétion Wa3 &
Vickers (8) projection miscroscope with a 4 mme achromatic objective,
which was essentially a normal compound microscope with the lens gystenm
inverted so that the stage was uppermost. The image from the eyepiece
wags projected by means of a plane mirror on to a ground glass screen
for final viewing or photographings, thus rendering particle size
counts much less tedious than with & normal compound microscope.

Light was transmitted from source to objective via & condenser, concere
mirror and edjustsble iris, and a parabaloid condenser gave dark field
illumination with objectives of 4 mme. and greater focal length. The
stage Was also fitted With two screw adjustments so that the field
could be traversed in any direction. The light socurce was originelly
a carbon arc lemp, but this was later replaced by a mercury vapour
lamp and ultra=violet filter,

Vhen performing dust counts a X10 Huygens eyepiece incorporating
a graticule was used, a development of that described by Paterson and
Cawood (9). This consisted of a central rectangle subdivided into
mine smaller rectangles and having along the top and bottom a series
of graduated circles (the set on the bottom being outlined end that
on the top being darkencd) arranged in a /L/é progression, The image
of this graticule wes naturally projected on the viewing screen ’
together with the image of the dispersed dust, end the size of each
dust particle within the iargo rectengle gas estimated by comparison
of its projected diameter on the 1onger sije of the rectangle, with
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the diemeters of the circles on the graticule. In this way the
particles wepe divided into various size ranges, gnd a size range-
frequenocy distritiution cbtained. Dark field illumination to prevent
errors due to the presence of haloes of light eround the dust particles,
oreated by diffraction of the incident light on the specimen, was
normally employed using & L4 mn. objective, which with a X10 eyepiece
gave a magnification of 1,055 and a graticule range of approximately

: Co7 1 to 12,748 The graticule was calibrated, before particle size
analysis using e stage micrometer.

Counting and Disgersidn Errors.

' Apart from errors in sampling., which affect all methods of size
analysis, inaccuracies are encountered whén sizings microscopically
ewing to incomplete redispersion of the dust sample on the slide, the
counting of an insufficient numbher of particles and inaccurate
estimation of the size of non=sphericel psrticles from their projected
diemeters. The first two causes will be dealt with below at some
length, but it is sufficient to say of the third cause, for the
purposes of this work, that a shape factor is required to correlate
the results obtained from microscopic enalysis with those obtained
from falling speed methods (9)e

The size range=-frequency deta thus obtained from the various dust
sanples were converted to a mass-frequency basis, on the assumption
that all particles were of the same density. This is obviously
invalid for a heterogeneous powder such as airborne colliery dust,

but it is approximately correct, and on this basis

3
Percentage in Grade by weight = nd - (3)

Tnald

where n = number of particles counted in grade

d = mean projected dismeter of particles in grade
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Thus by multiplying the number of particles in each size grade
by the cube of the mean projected diameter a mass percentage under=

size curve for each sample can be constructed.

Ubviously large errors in these curves may be incurred through

counting too few particles.

Teble 2 gives a summary of results {(9)
for the probable error incurred when counting particles in & given size

range, With successive ranges in 4/ 2 ratio.

The results quoted in

. Teble 2, it must be remembered, only forecast the error due to

staetistical causes, and complete redispersion of the dust is of
course assumed, with dust particles all of equal density.

Table 2

Number of Particles to Gbﬁrit for g Specified Accuracy

Estinated " Probable Errer 1% _ Probable Error 2%
percentege in Fypper & lower | Nowof particles| Upper & Lower| 10.0f perticles
grade by % limits in | to coutit for % limits im | to count for
w ""iﬁht grade acourasy within grade acouracy within
'110 o
5 b -6 25 3=7 6
10 9 - 19 100 8 =12 25
15 1 - 16 225 13 = 17 56
20 19 = 21 1,00 18 =~ 22 100
25 2 - 26 625 23 -~ 27 156
30 29 w 3] 900 28 = 32 225
40 39 = 41 1600 - 38— 42 5400
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In the present dust counts between 600 and 800 particles were
normally sized and mass percentage undersize curves were drawn from
these data. TFrom thise curves the percentage mass of the dust cloud
below 5.4 in size (i.c. Yrespirable dust") was derived for each sample
and these data are given in the final section of the thesis. The
acouracy of these figures, due to statistical errors, can be estimated
from Teble 2, and the probable error due to counting insccuracies is
normally only between 1% and 2%

Redispersion of a dust inlexactly the same way as it was originally
dispersed is virtually impossible for various reasons and some dispersion
error is thus inevitable if the collected dust is to be subjected to
microscopic particle size analysis. In determining a2 size distribution
the problem is first to obtain a complete and homogencous dispersion of
the duat sample and then to transfer a suitable portion of this to a
microscopic slide or cover glass for examination. If & liquid is used
as dispersion medium, difficulties due to segregation of coarse particles
on account of their more rapid sedimentation are encountered if & non=
viscous liquid is employed, while by using a viscous liquid it is
difficult to avoid some degree of aggiommeration since particles,
particularly fine particles, tend to stick together. A compromise is
the best which can be achieved under these conditions and with this end
in view it was decided to investigate three of the best methods of
dispersion used by previous workers, to discover which was most effective
for use in these investigations. It was decided that the dispersion
method which resulted in the greatest proportion of fines could be taken
a3 the most effective,

The three methods of dispersion described below were carried out on
airborne dust sample 3.K.1,.

[i) About 0.1 z. of the airborne dust sample was placed at the bottom
of & glass tube, 2 in. in diasmeter and 12 in. in length, drawn to & narrow
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opening at the botiem., A thermal precipitator head was fitted to
the top of the tube end a rubber bulb was connected to a narrow
opening at the bottom. A sharp puff of 2ir was then blown into

the tube thus dispersing the dust and 100 cc. of the resulting
aerosol was aspirated through the thermel precipitater. The cover
glasses Were removed from the thermal precipitetor head and fixed to
a clean microscope slide using & thin film of nail warnish around the

rim to prevent contamination by atmospheric dust.

The thermal precipitator (4) is the standard instrument employed
in British coal mines for airborne dust assessment by optical
nicroscopy. JIts action depends on the repulsion of airborne dust
by a heated body due to differentizl molecular bombardment in &
thermal gradient.

Vhen essessing the denaity of a given dust cloud, a measured
volume of dusteladen air is drawn at about 7 cc. per minute through
2 nerrow channel across which is & heated wire, energised by & small
porteble accumulstor, the volume being messured by a2 simple displace-
ment aspirator. Samples for optical counting are collected on two
cover glasses mounted on opposite sides of the wire, the dust deposits
forming a strip gbout 1 mm. wide and 10 mm. long across a diameter of
the cover glasses. These deposits may readily be coﬁntcd under an
opklcal miscroscope.

(ii) 5 ml. of a stock 10% solution of ethyl cellulose in toluene (9)
was diluted with an equal“voluﬁe of toluene and heated in a small
heaker on a water bath. About O.1 g. of the airborne dust sample

was added and the mixture was allowed to cool with stirringes A drop
was then removed from the mixture with 2 glass rod and placed on a

clean cover glass, which was then mounted on a slide for ezamination

in the above memner. Eight cover glagses were prepared in this way and

the best two were chosen for the complete size analysis counte

(iii) About 10 ml. of redistilled n =~ butyl alcohol was placed in a
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small glass atomiser, feshioned in the manner of & scent spray, and
about 0.1 g. of the airborne dust sample was added to the liquid,

which was then swirled around to disperse the dust, The mixture

was then sprayed on to a clean cover glass propped at an angle against
a hotplate. Eight cover glasses wWere prepared in this way and mounted

on slides and the best two were chosen for the final examinatione.

The result of the size analyses of this one dust sample dispersed
in these three different ways is shown in Fig 3 in the form of
percentage mass undersize curves.e It will be noted that the slides
which were obtained from an atomised n - butyl alcohol suspension of
the dust contain the largest proportion of fines. It can be taken
that this method of dispersion is therefore the best of the three
nethods investigated and it was consequently adopted for both optical

and electron mieroscopy.

In the above size analyses the particles were divided into ten
graticule groups heving average particle sizes in the range C.7-u to
12,7 w, but, in view of the considerable number of particles having
a projected diameter of greater than 12.,7.w, it was found necessary
in many later cases to measure these large particles individually
using & paper scale and to allow for them in the analyses, since one
or two large particles can, naturally, have a much greater effect upon

the percentage mass undersize curve than many small particles.

It is now necessary to know how exactly airborne dust redispersed
by the atomiser technique described above represents the original dust
cloud from which the sample was obtained.

The error to be expected from such redispersion was therefore
estimated using a number of shift samples obtained from Kingshill No. 3
and Cardowan Colleries,; where thermal precipitator samples had been teken
bf National Coal Board samplers every half hour throughout the collection
period at the site of the collector. From these thermal precipitator

semples the concentrations of the dust clouds in terms of particles
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per cc. in the ranges 0.5 to 54 and 1 to 5.4 were estimated by
R.C.B. workers by miscroscopic dust counts (10) (11) and the mean
songentration of the dust cloud during sampling was thus calculated.
Thermal precipitator slides as nearly as possible representative of
the mean dust concentration during collection were chosen for

conparison with the redispersed duste.

In only four cases was sufficient dust availeble to make a compsrison
using the atomiser method as described above, although, in a fifth case
(3.K.5), only about 0,01 g« of the dust sample was sprayed on to a cover
slip as before. The size distributions obtained were used, firstly to
construct percentage mass undersize curves in the ususl way, from which
the percentage mass of less than 5.4 could be read off, and seceondly

to calculate the value of the average particle dismeter ds from the
relationship,

B BTt v 2 b o~
=Na

These data were used to compare the size distribiitions obtained
on microscopic examination of the thermal precipitator samples and

the redispersed dust as shown in Table 3.

Table

Effect of Re~dispersing Dust

(i) Comparison of Mass % < 54

Sample .2 $e3 oo o 3R 3Ke5

Result obtained using thermal

- @ 2.
precipitator slide 0.7 ookl 20 563 3 5

Result obtgined using slide

. ° 8.2 10.8 17.
with redispersed dust 184 ek s
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(ii) Comparison of dg Values

Sample 6.2 | 3| o] 3K 3.Ke5

Result obtained using thermal

precipitator slide 66 | 6uk | 5.9 ka2 [ 6.9

Result obtained using slide

with redispersed dust 9¢9 | 104 | 10,21 9.3 | T

Tt will be seen that there is a large and variable difference
between the results, and although closer agreement between the results
is show for sample 3.K.5 than in any of the others, the more dilute
‘suspension employed here in prepering the slides could not have been
generally employed, since it led to increased difficulty in obtaining
a slide of suitable optical density, free from significant contamination
from atmosphere dust.

There are three possible causes of this variation between the result
.-for a sample taken from the original dust c¢loud and that for a
redispersed duste These are (i) a dispersion error due to incomplete
redispersion by the atomiser resulting in the presence of some -
aggregates of dusf on the slide, (ii) failure of the thermal
precipitator to collect large particles and (iii) failure of the
dust collector to collect small particles.

A thermal prgciiitator sampling under isokinetic comditions is known
to have an efficiency of 100% at a particle size of 5.-u (12) éan apparent
efficiency of 110% et a particle size of 10, owing to the greater
tendency of large particles to be é,spira.ted. into the eir stream through
the ‘thermal precipitator, and an efficiency of 75% at 20-#, owing to
the lesser tendency of large particles to be deposited by the tharmal
gradients To ascertain, therefore, whether the variation betwes:n the
results was due mainly to the varying efficiency of the thermal
precipitator with particle size, or to a dispersion error, the mumber
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of particles couhted in & particulap size fraction of the redispersed
dust, say ND, was compared with the particles counted in the same
fraction on the thermal precipitator .le.de, say No., The average
value of the ratio D/No for the five samples concerned was calculated
for three different size fractions and compared with the value of

ND/NO to be expected owing to variation in thermal precipitator
efficiency slone.

Table 4
Particle Size Value ofNp/No to be expected Average value of Np/No
ta) due to varying T,P, efficiency obsained
5.2 o . - 0;074
104 - 0,991 + 284
18e 04333 4 00

It isseen that the variation between corresponding size fractions
of the redispersed and originel dust is much greater than that expected
from thermal precipitator inaccuracies alone. TFurther, since the
variation is not confined to small particles, but, in fact, increases |
with particle size, it is reasonable to conclude that the observed
variation is due not primarily to failure of the dust collector 1o
collect small particles, but almost entirely to inebility to redisperse
the collected dust effectually.

Instrumental Errors

Tt was noted, on comparison with typical National Cogl Board dust
ecounts, that the first five airborne coal dust samples examined under
the Vickers microscope showed anumsually small proportion of perticles
in the 0.5 to 1.m range.
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The dust counts in question were performed on slides which had
been prepared by redispersing the dust by the usual spraylng techﬁique
and, as shown above, a considerable dispersion error would therefore
be agsociated with the count. However, in order to invéstigate
whether an instrumental error was also invelved, the same slides were
counted by National Coal Board workers at Shotts Laboratories (13)
uaing the normal Beck microscope employed by the Board. The Beck
instrument, as used for normal dust counts, is fitted with a 2 mm
0il immersion apochromatic objective and the final image is projected
on to an opague external screen, the source of illumination being e
mercury vepour lemp. In the Vickers instrument, on the other hand,
a carbon arc was used es the source of illumination snd a L mm
achromatic objective was employed, the final image being projected
on to & ground glass screens An spproximate size distribution was
2lso obtained from a number of electronmicrographs prepared f‘rom
each sample.

The results for the number and mass percentages of less than 1
size shown in Table 5 demonstrate clearly since the results for the
Beck and Vickers microscopes were obtained using the same slides, that
the resolution of the Vickers instrument using a 4 mm objective and
ground glass screen was too low to enable the 0.5 to 1.4 fraction to
be properly.detected. Further, while the number of particles which
could be counted on the electronmicrographs (70 to 260) was too small
for an sccurate size analysis, the generally higher level of the
approximate results again indicate the low resolution of the Vickers
instrument. |
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Table 5

Conparison of Microscopes

(i) Compggiécm of Number % of &£ 1.« Fractions

Saméle _ Microscoﬁg_e_ used . r
Vickers ~ Beck Electron
3K 19,0 3745 4749
C.1 13.8. - 69.2 53.8
3.Ke2 9.0 63y 51.1
1K1 8.0 5749 5143
L.V.1 11.0 68.2 L7.7
Tsble 8 (continued)
(ii) Comperison of Mass % < 1. Fractions -
S#mple Vickers Miiémscop]:e:;ed “Eleotron
3eKal 0,2 ' 0.3 1ok
Col 0.1 | 0.3 0.2
3eKe2 Ca1 0.3 0,9
1.1 0.1 0.3 1
L.V 041 B ¥ a4

Fitting a 2 mm 0il immersion okjective to the Vickers microscope

and replacing the carbon arc lamp with & nercury vapour lamp ensbled
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the 0.5 to 1.at fraction to be accurately estimated. | This alterﬁti-an
&lso resulted in the gratlcule 'ra.nge: becoming too small to enable
adequate counts on the mass basis to be made over the entire range

of particle size present however, and resuitod in a considerable
increase in the tedium of counting as dark field illumination coulgd
no longer be employed.

It was therefore dedided to use the slides obtained by the
National Coal Board in their thermal precipitator surveys made while
the collector was in operation. In this way any errors due to failure
of the sampler to collect fine particles or to incomplete redispersion
of the dust on the slide are avoided, and the correct number fraotion
between 0.5 and 1.0.u cen be estimated using mean dust concentration
figures. These figures are calculated from .counts performed using
the Beck microscope as described with an N.C.Be. graticule by means
of which the particles viewed are divided into four size groups, Ramely,
£0.5a, 0.5 to 1w, 1 to 5.4, and » 5. The fractions of € 0.,5.4
and > 5. are not counted and the mean dust concentrations calculated
from the counts are expressed as particles per cc. in the ranges
0.5 to 5.4 and 1 to S.u.

Since the N.C.B. graticule is not suitable for the detailed size
analysis necessary to obtain an accurate mass ratio distribution, it
was decided to count typical slides for each sample on the Vickers
microscope and to calculate the mass distribution therefrom, since on
the mass basis errors in counting the 0.5 to 1.0-¢ fraction have very
little effect. The correct mass fraction from 0.5 to 1.0.w can then
be estimaSed by substituting the number fraction obtained from the
N,C.B, figures in the usual expression for the mass ratio, shom in
equation (3).

In order to test the submission that the mass distribution obtained
on analysis was not seriously affected by the drbp in magnification the
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effect of varying magnification upon the values obtained for the
percentage mass of less than 54t and for the average particle size
d3 was studied, using commercial silica dnst ("D.R.C. gradé“). The
dust was suspended in redistilled n = butyl alcohol and sprayed on to
a slide using an atomiser in the usual way. Eight slides were thus
prepared and the best was examined under a Vickers microscope, first
employing & 4 mm objective and then & 2 mm oil=immersion objective.
The dust was then similarly dispersed upon a collodion~govered grid-
plate and examined under an electron microscopes The results
obtained are shown in Table 6 and in Fig 4.

Table 6

Effect of Magnification

Inst % : | No. of particles.

et | peparionion | "0 L e icsa | S
Vickers 1,055 669 85.5 3,33
Vickers | 2,500 1205 7642 3.16
Electron 2,600 656 52,2 3486

It will be seen that, using the Vickers instrument, incréasing the
nmagnifying power of the microscope beyond 1,000 X does not affect the
values of either the percentage mass of less than 5.4 size or the
average particle size d3 within the limits of experimental error. It
is also seen that the increased resolving power of the eleciron
microscope is more than counteracted by the inferior dispersion of the
dust upon the collodion~covered grid of this &nstrument. Signs of
agglomeration were very apparent in the electronmicrographs obtained.
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Ssnpling Errors

As mentioned above it was decided to use thermal precipitator
slides obtained from the actual dust cloud sampled, when availsble,
for examination under the optical microscope and subsequent particle
size analysis.

While this procedure eliminates the large error inherent in
redispersing the dust, it can also lead to the introduction of a
serious sampling erpor in consequence of the variation of dust
concentration and particle size distribution during the period of

collection.

Figs 5 to 7 show the variation of particle size distribution of
dust clouds sampled in & return sirway in Cardowan coiliery throughout
cutting stripping and brushing shifts. It will be seen that particle
size distribution varies quite considerably during any one shift.

This variation occurs whether or not the same mining operatibn is being
carried on throughout the shift. Fig 8 shows that considerable
variation in dust size distribution alsc take place in the intake :
girway, although here the percentage mass of dust particles of respirable
size is consistently lower than in the return airway. Fig 9 shows the
size distributions of dust clouds in a return airway of Kingshill No. 3
Colliery during each of the three shifts, obtained by snalysis of slides
chosen so thet the counts ggreed as nearly as possible ¥with the mesn
dust concentration for the particular shift. It is seen that there

is al30 a considersble variation in average size distribution from
dhif't to shift.

Variations in dust concentration hage been noted and measured by
previous workers (6) who concluded that in order to determine an accurate
figure for the mean dust concentration for a particular shift, a large
nunber of samples must be taken during the shift and, similarly, in
order to obtain a reliable estimate of the mean dust concentration for
a mumber of shifts, it is necessary to sample over a large number of
shifts. This, of course, results in a large number of thermal
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precipitator samples being required, although the problem of
estsblishing a reliable estimate for the mean concentration of airborne
coal dust may possibly be overcome in the near future by the use of
suitably calibrated avtomatic sampling instruments.

Similary, in order to establish an accurate average particle size
distribution it is necessary to submit & large number of slides to .
detailed examination. This was not possible in the present work and
@ compromise was struck, in the case of later samples, by analysing
two or three slides for e¢ach sample which were, 28 nearly &s possible,

representative of the average dust concentration during semplings.

Conclusions

A Peasonably accurate estimate of the average particle size
distribution of any dust cloud may be made provided, firstly that a
sufficient number of ;hermal precipitator samples are taken underground
at the point of collection to establish an accurate velue for the mean
dust concentration, and secondly that a sufficient number of particles
are counted on a sufficient number of selected slides under an adeguate
optical system in sufficient detzil to enable an accurate mass-~basis

analysis ‘to be performed.

Since there appears to be no really effective method of redispersing
collected airborne colliery dust, underground sawpling by means of &

thermal precipitator is necessary if an accureie result is required,
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USE OF THE ELECTRON MICROSCOPE IN ATRBORNE DUST ASSESSMENT

freneral Pfincigles of the Electron | Microscope

 In this instrument an electron beam has a function similar to thet
“of & beam of light in an optical microscope and the final image is
either recorded photographically or viewed by means of a fluorescent
screen. The electron beam is produced by an electron gun similar to
that used in a cathode ray tube and is propagated through the microscope
body which must, of course, be under high vacuum. The lenses of the
optical microscope are replaced in the case of the electfon microscope
by certein configurations of magnetic or electric fields which alter
the path of the electron beam and form the final image. The final
electron image is either projected on to a fluorescent screen where
the electron energy is partly converted to light, making the image
vigible to the eye, or ailowed to falln directly on a photographic

plate to make a permanent record.

The instrument employed in this case was a Vickers type E.Me 3
microscope (14) which employs a condenser lens and three image forming
lenses in analogy with the optical projection microscope.

The chief advantage of the electron microscope lies in its increased
resolving power, which enables greater magnifications to be employed,
and the increzsed resolving power is in turn dependent on the low
equivalent wawielength of the electron beam employed.

The resolution limit of a microscope system is ultimately set by
diffraction effects and may be defined as the least distance which
can separate two minute object points which still remain separate in.
the final image. A4n arbitrary stendard of the resolution limit,Ad,
which closely agrees with observation, was suggested by Abbe who gave
the limit as 3 '

0461 M
sin<X

Ad

U O
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where >\ = wavelength of illuminating radiation in object space
e{ = half angle of the cone of illumination leaving one
object point and passing through the objective lense.

For the optical microscope<Xmay be nearly 90° and A, using ultre
Q .
violet light, 2000 X . Thus a limiting resolution approaching Q.1 w

may be achieved.

Tt was first postulated by de Broglie that & train of waves is

associated with an electron in motion, the wavelength being given be 3

A 4/130 R )

)
where >\6= equivalent wavelength in Angstrom units

V = accelerating voltagse.

Thus for electrons ascelerated by 100 kV the equivalent wavelength
of the illuminating radiation is approximately O.Q4 i and since owing
to the aberrations in electron lenses, the apetture angle, o in equation
(5), must be limited to appréximately 5:)0 of that which can be
used in the optical microscope, the theoretical resclution limit of the

electron microscope is therefore sbout 5 X, Which is 200 times better

than that of the optical microscopes

In prectice such an improvement in resolution is not normally
obtained, but the commercial electron microscope enables detail at
least 20 times finer than that produced by the best optical microscope

t0 be viewed and recorded.

Particle Size Determination

The importance of the fine dust particles smaller than 0.5-u in
dieneter is no:c yet known. In order to assess their contribution to
the health hazard of an airborne dust it is necessary to determine
their relative surface and mass, and to find whether they are more or

less toxic than the larger particles.
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The electron microscope which is capable of resolving 0.01.u
details in routine operation is the only suitable instrument for such
an investigation as the limiting resolution of an optical microscope,
even under the best conditions is only about O.3a4. With this object
in view therefore a large number of the airborne colliery dust samples

collected were examined under the electron microscope.

About O.1 ge of the dust under examination was dispersed in about
10ml. of pure n - bupyl alcohol and sprayed in the manner described in
the previous section on to & heated collodion covered specimen grid
which was then mounted on the stage of the electron microscope and
viewed under a magnification of 2,600 x using an accelerating voltage

of 75 kVe Several electrommicrographs were then taken of each samples.

THis limited treatment was insufficient to tackle the problem of
estimating the proportion of particles of less than Q.3 4t in each sample,
but to investigate this question fully would have been very expensive
both in time and photographic materials, and insufficient resources

were available for such a course.

Several interesting features were discovered however on examination
of the electronmicrographs obtained, examples of which are shown in
Plates 1 to 5. TFor instance the recasam for the dispersiom error
described in the previous section is readily appreciated on examination
of these plates as both small particles clinging to la;gg‘particlcs and
small particles adhering together in chainlike aggregates may be observed,
and such aggregates would inevitably be recorded as single particles when
viewed under the optical microscope. This effect is however slightly
exaggerated in these plates as it is convenient to view a rather denser
dust deposit under the electron miocroscope than under the optical
microscope on account of the restricted field of view and stage motion
of the former instrument. It was also possible to .distinguish
amorphous particles from orystalline particles in many cases, the

former type of particles having frequently a cotton-wool like appearance
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(Plate 1), while the latter type of particle had the sharp edges
(Plate 2) characteristic of erystal growth or conchoidal fracture.

The gquantitative investigation of the very small particles present
in airborne dusts using the electron microscope does in fact involve a
number of practical difficulties, chief among which is the problem of
obtaining a sample of airborne dust in a suitable form for viewing which
is free from errors due to segregation, or to redispersion, or to loss
of dust in handling. However Cartwright and Skidmore (15) have shown
how a thermal precipitator using membrane coated cover glasses may be
used to overcome these difficulties and also that, using this technigue,
& reasonable fit is obtained, between the size analysis curves for a
particular dust cloud using firstly an opticel microscope and secondly
an electron microscope provided that the lower limiting resolution and
diffraction effects of the former instrument are allowed for. It
appears therefore that, using the technique employed by the above, the
problem of estimating the very small particles present in airborne ’
colliery dust could be overcome if sufficient time and materials were
availeble.

Flectron Diffraction

Just as an interference pattern may be obtained using visible light
and a diffraction grating on which the soratches are separated by a
distance of the same order as the wavelength of the light, similarly an
interference pattern may be obtained using an electron beam and a single
erystal as diffraction grating, as the interatomic distances in the
orystal are frequently of the same order as the equivalent wavelength
of the incident electron beam. Such patterns may be obtgined using
the electron microscope type E.MoJ by means of suitable masking and
focussing devices. If a regular interference pattern is obtained it
is indicative of a regular or crystalline structure in the particle
exanined, while an amorphous particle, having a random type of structure,
gives rise merely to a diffuse halo of light. Some idea of orystal size

may also be obtained from these interference patterns as a single large
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crystal will give rise to an orderly arrangement of spots, while a
number of small crystals will result in & pattern composed of a number

of concentric circles of light.

Electron diffraction patterns were obtained for most of the airborne
colliery dusts collected, Apert from diffuse halos, three types of
interference pattern were obtained, firstly patterns consisting of
various concentric circles of light from areas composed of numbers of
small crystals, secondly & cross—grating pattern consisting of
diffraction spots arranged in hexagons from one type of crystalline
particle and finally a cross—grating pattern composed or rings of spots,
in which each ring of spots hed & central diffraction spot, from another
type of erystal. Bxamples of the type of interference pattern obtained
are shown in Plates € to 8, but the cross-grating patterns obtained
could not be definitely esteblished as being due to any particular type
of crystal, although the hexagonal type of cross-grating pattern
mentioned above was very similar to the pattern obtained from mica

crystals.

Apart froum the difficulty of establishing the source of a given
croas—-grating pattern, the electron beam only penetrates the crystal -’
structure to & very limited extent, thus a crystalline particle
possessing an outer amorphous, or Beilby layer, could easily result
in only a diffuse halo of light being obtained on diffraction. Apart
from this factor an obvious statistical factor is involved as specimen
ereas no more than 7 microns in diameter may be examined at any one
time and thus a large number of such &reas must be examined before a
relisble conclusion may be reached 2s to even the surface erystallinity

of & given sample.

In view of these drawbacks no practical significance is at present

given to these results.
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SPECTFIC SURFACE ESTIMATION
General

Specific surface data for collected zirborne dust samples were
desired for two reasoms, firstly to act as a rough check upon the
results of microscopic size analysis, and secondly to estimate the
total area swailable for reaction in a given weight of dust as this
might well influence the velocity of any pathogenic reaction taking
place within the lung. It is unlikely, of course, that the total
available surfaece of the airborne dust will be the chief factor controlling
the veloocity of the pathogenic change taking place in the lung, particularly
in the case of a heterogeneous dust such as coal mine dust, but the subject

is nevertheless worthy of investigatione.

The specific surface of & powder may be estimated using a number of
different techniques, such as opticsl or electron microscopy, air
permeability methods, low temperature gas adsorption, sedimentationm
techniques, light scattering methods and a variety of other methods which
are mostly developments of the above techniques. The three methods of
specific surface estimation employed in this work and the correlations
found to exist between them ape discussed in the following text.

Optical Microscopy

The particle size distribution of a dust may accurately be determined
using an efficient opticeal microscope provided that the dust is
substantially above O.34A in minimum particle size and provided that
dispersion errors can be eliminated. The specific surface of the dust
(7) may then be determined, if certain assumptions are made with regard
to particle shape.

Specific surface, as customarily defined, is the surface per gram

of material, Expressed in the form of an equation 3

. &ns) 3
s P(En v) @



29.

where S = specific surface in cm%/g.
P = true density of particles in g.,/cm3
v = volume of a given particle in cm3
8 = surface area of a given particle in cm2
or, assuming geometrical similarity between the
particles and putting v = J\ a° and 8 = /O‘dz where b/
and /0‘ are shape factors, we have
!
al
$ % T ST TS (8)
(ans)

(End®)

Hence it follows that

3
4= B gy it 9)

Endz
is the average diameter from which the specific surface can be determined
)
knowing the shape factor / /)" . If the diameter is restricted to 6v/s
a3 in the cases of the diameter of a sphere, the side of a cube, or the
harmonic mean of the sides of a rectangular parallellopiped, then

maintaining geometric similarity.

5 or S = - == e

P{£ nd’ } p—d—3

The use of equation (10) in conjunction with perticle size
distribution data to obtain a specific surface value threfore involves
two assumptions, namely that the particles display geometric similarity
to each other and that they are approximately spherical in shapes As
will be seen on examination of the electronmicrographs shown in Plates
1 to 6 neither of these assumptions g»€ justified with regard to airborne
coal mine dusts. It is however difficult to estimate the shape factor
/"7 x\ and to allow for the lack of geometrical similarity between
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particles, and equation (10) ds generally resorted to when estimating
the specific surface of & dust from size distribution data, although

the result can be regarded as no more than a rough approximation.

It will be seen that using equation (10), it is necessary to know
the true density of & dust in order to estimate its specific surface.
The densities of the dust samples were therefore determined using the
normal pycnometric method, modified slightly as it was found necessary
to apply vacuum to the samples before the final weighing to remove

occluded air bubbles in the containing liguid.

The tered density bottles containing mown weights of dust samples
were therefore helf-filled with & containing liquid and slemlyevacuated
in a vacuum desiccator, being finally evacuated to & pressure of 10 mm.
Hge and left under vacuum for 24 hours. The vacuum was then released
and the bottles topped-up before the final weighing.

Water was found to be unsatisfactory as a containing liquid owing
to its high surface tension, which prevented the dust from being wetted,
and led to splashing with loss of solid in the subsequent evacuation.
Kerosene was found to wet the surface of the dust efficiently, but
resulted in the slow dissolution of some of the dust constituents
rendering it unsuitable for submission to any subsequent analytical
process. 1% aqueous solutions of various salts were next examined
for suitebility as containing liquids and a 1% aqueous solution of
"Teepol” (sodium salt of dodecyl benzene sulphonic acid) was found to
be sitisfactory although other acqueous salt solutions might well be
equally effective.

The density bottles wWere thermostated in & water bath before
performing the final weighing and the density of the containing liquid
was thken to be that of water at the temperature of the bath after a
small correction (+0.005 g./cc.) had been applied to allow for the
dissolved "leepol".

The values obtained for the apparent densities of various dust
samples omitting and including the evacuation step are given in Table 7.
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As is to be expected, the density figure obtained after evacuation

had been employed is greater than the figure obtained where no

evacuation step was included. It will be seen that the densities of

the colliery dust samples were normally betwesen 1.5 go/cc. and 2.0 ge/cc.,
which seems reasonable since the specific gravity of pure coal is between
1.25 and 1.4, of shale 2.5, and of pyrites 5.

Table 7

DENSITIES OF DUST

Silica Dust Coal Dust
Dust M.5.C. D.R.C. Cot P.1 & ali
Apparent density omitting
evacuation step (ge/cce) 2455 246 1.09 149 155

Apparent density includ-
ing evacuation step 2.65 2.66 175 175 1.90

(ge/cc.)

Using the technique described above the density of each dust sample
may be established to = 2% using one gram of dust in 25 ml. of containing
liquid, and the dust recovered after filtration and washing is unaltered

and suitable for submission to subsequent analytical processes.

The microscopic method of estimating the specific surface of a dust
is, of course, also subject to errors incurred in determining the size
distribution. Thus both dispersion and sampling errors, as described in

the section on optical microscopy, may have a considerable influence on
the result. The effects of both dispersion and sampling errors are
shown in Table 8, which gives the specific surface values calculated for
four airborne dust samples from size distribution data, obtained by
examinining slides prepared in three different ways under the optical
microscopes The slides were obtained (A) by redispersing the collected

dust by spraying, (B) by a thermel precipitator underground, but without
any effort to ensure that the slide taken was representative of the
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average condition of the dust cloud, end {C) by selection from a number
of thermal precipitator slides taken underground so that the slide
selected was representative of the mean concentration of the dust

during collection.
Tgble 8

Effect of Dispersion and Sampling Errors on Specific Surface
(Values obtained using the optical Microscope)

Specific SurTace e ¢7§.)
Value obtained Value obtained Value obtained
Semple using slide as using slide as using slide as
in (a) in (B) in (C)

8.2 3,470 7,000 5,200
Ce3 3,300 I, 700 - 5,360
Caly 3,100 5,550 _ 5,360
3Kelpo 4,170 7,300 9,220

It is seen that the result is invariably lower using slides obtained
25 in (A) than the result obtained using slides of types (B) or (C) due
to inability to completely redisperse the collected dust. However there
is seen to be an epproximate agreement as to order of magnitude between
the result using slides obtained as in (C) sbove and the result using
slides of type (A) and the ratio of the two results is also approximately
constant. No such correlation exists between slides of types (A) and (B)
and this is obviously not due to variation in the dispersion error but
to the presence here of a large sampling error in addition to the
dispersion error, no effort having been made with slides obtained as in
(B) above to ensure thet the slides were representative of the average
condition of the dust cloud collected.
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To obtain a reliable value for the specific surface of & dust from
optical size distribution data it is thércforc necessary to estimate the
shape factor of the dust and to estimate or sliminate the dispersion and
sanpling errors involved in determining the size distribution data.
These obstacles can be overcome in practice only at the expense of a

great deal of labour,

Air Parmeability Methods

" The 'épéciﬁd"éﬁfface of a powder may be determined from known
correlationg by forming a packed bed of known porosity and depth from
the powder and measuring the pressure developed across the bed for a
given gas flow. The porosity of a packed bed is of course readily
calculzted, if the true density of the powder is known, from the
dimensions and weight of the dbed.

The particular adaptation of this technique employed in this work
was the Lea and Murse method, for which apparatus was readily available,
&nd the specific surfaces of the dust samples employed were calculated
using a development of the Carman equation (16) which corrects for
fslip~flow" of gas around the sides of the compacted bed. This |
dquation is shown below together with the particular values of the
constants which applied in this case.

b, e |
= x CIX = 1 A N 1 2& x )\ 1 |

where ]:12 = difference in height on flowmeter (cm.)
hl = difference in height on manometer (cms)
G = flowneter constant (4006 x ‘IO-'6 in this case)
L = bed depth (1 cmi. in this case)
K = correotion factor = 5
£ = porosity
L = cross-sectional area of bed (507 Cilie ? in this case)
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= gravitational constant = 981 cnm. scc.2

= Specific surface (cme 2/5.)

= true density of solid (g./cm.s)

correction factor = O0.874

= mpean frec path of gas molefules (946 x 10-6 cm. in this case)

NI
f

It was found that & porosity of the order of 0475 was required in
order to obtain reproducible results and it can be seen from the dimensions
of the apparatus employed that such a poroaity requires 2466 cce or
approximately 5 g. of dust. It was only posaible therefore t0 obtain
the specific surface of & few large dust samples using the available
apparatus. '

However using these quantities of dust it was possible to determine
a specific surface value for a colliery dust sample which was reproducible
to within * 157 and it is probable that no appreciable deterioration
in reproducibility would have resulted if the aparatus had been modified
for use with a smaller dust cell, Insufficient time was however &V&Z:Ll&'blg
for this to be done. -

Low Temperature Gas Adsorption

mey be obtained from measurements of the physical adsorption of & gas,
near its boiling point, upon the surface of the dust. Stuch measurements
are employed to obtain an adsorption isotherm for the dust, from which it
is normally possible to estimate the volume of gas necessary to form a
monomolecular film around the sample and hence, knowing the area occupiei
by one gas molecule, it is possible to calculate the specific surface of
the sample. '

The apparatus employed in these investigations is shown diagrematicilly
in Fig 10 and is seen to consist essentially of a sample bulb, calibratel
gas burette, manometer, McLeod Gauge and high vacuum pumping system. Ths
adsorbent, which was required to have a surface area of more than two
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square metres, was evacuated in situ to 10 -6 mm. Hg. at 110°C to
renove water vapour and physically adsorbed gasses. The "3ead space®
above the adsorbent was then measured using pure helium. A volune
of helium was admitted to the burette and measured in the usual manner,
After the desired cold bath (liquid nitrogen at 77 - 78°K or liquid
oxygen at 90°K) had been placed around the sample bulb, the stop-cock
to the evacuated sample bulb was opened and the "dead space® was
deternined by agein measuring the volume of helium in the burette.

The adsorption of helium &t this temperature is sufficiently low to

be neglecteds The system was then evacuated to 10 ~ mm. Hg. and

the Ydead space" estimation was repeated to check sny error., The
system was then evacuated to 10 ~ mm. Hge once more in order to remove

helium, and the stop-cock to the sample bulb was closed.

The adsorbate used in these experiments was nitrogen on account
of its inertness towards the typical adsorbent, airborne colliery
dust, and a suitable volume of this gas was now admitted to the burette
and its volume was measured, the stop-;cock to the evacuated sample was
then opened and the volume of nitrogen remaining in the burette was
measured, after time had been zllowed for equilibration. The volume
of gas adsorbed is then given by the equatiom

Vo= Y% =V (1 +x) = v, I N ¢ )

where Va = volume of nitrogen adsorbed by sample (N.T.P,)

V, = total volume of nitrogen which has bern admitted
to the system (N.T.P.) -

YV, = volume of adsorbate rqgquired to fill ithe "dsad space™
to the pressure, p, of the experiment. |

o = correction factor required to take inio account
the gas imperfecfion of the adsorbate at the
tenperature of the cold bath.

V., = volume of nitrogen remaining in buretie affer
sdsorption (N.T.P)
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By repeatedly adding more nitrogen to the system and noting the
volumes adsorbed at the various pressure velues an adsorption isotherm
nay be drawn for the material.

The use of such an isotherm in measuring the surface area of a
sample obviously entails (a) selecting & point on the curve
corresponding to the completion of a monolayer of adsorbed molecules
and (b) assigning & value for the average area covered by each adsorbed
molecule (17). The selection of the point corresponding to a monolayer
is the crux of the entire problem and both an empirical and a
theoretical methed have been derived. In assigning & value to the
average area occupied by an adsorbed molecule it has seemed reasonable
to calculate the dismeter of the adsorbed molecules from the demsities
of the liguefied or &f the solidified adsorbate. If the physically
adsorbed molecules are close packed on the surface one arrives at the

following equation for the average area per molecule.
3"._; ;
e 5))

area per moleoule = 4 (0.866) M
' /\y 2 HP])‘

where M = molecular welght of gas
N = Avogadro's Number
H = density of solidified or liguefied gas

This equation is derived on the assumption that the molecules are
hexagonally close-packed in the solidified and in the liquefied gas.
For solid nitrogen, argon, carbon monoxide and & number of other gases
such olose-'pack:i.ngAis known to exist, since these gases when solidified
have face centred cubic packinge The values for liquid nitrogen are
17,0 & 2 (90%) end 16,28 % (77 ~ 76%K)

- The type of adsorption isotherm obtained, using liquid nitrogen
as coolant, for both commercial silica dust end airborns colliery dust
is shown in Figs 11 and 12, It will be seen that both curves are
sigmoidal in form and it is for this sort of curve that the relationships
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governing physical adsorption of a gas upon & solid have been most
firmly established.

On the basis of considerable empirical information the points X
on the curves, corresponding to the stért of the linear sections of
the isotherms, have been considered to correspond approximately to
completion of & monolayer of adsorbed gas for some time. More recently
however Brunauer, Emmett and Teller (18) have developed & theory to
explain these sigmoidal type adsorption isotherms which postulates the
building up of multimolecular adsorption layers on the particle surfaces.
They carried out & derivation for multimolecular layers that is similar
to Langmuirts derivation for unimolecular layers and by means of a
ginplified summation obtained the following eguation.

P 1 (c = L)p (1)
= e + ' - - -~ (14
V(ﬁo - p) NS n® Po
where v, = volume of gas adsorbed when the entire adsorbent
surface is covered with a complete unimolecular-layer.
P, = liquefaction pressure of the adsorbate at the
tenperature of the experiment
¢ = constant which is dependent on the difference in the

energy of adsorption betwWeen the first (E,) and

subsequent (B,, E ) sssson etc;) layers and is
2 L o (B = E)/ET

approxinately given by ¢ 1 2

.The application of equation (14) is to find V.. 4 plot of
_— o

versus —_— yields g straight line from the

v (p, = p). .

. . , 6 -

gredient and intercept of which both v and ¢ can be calculated.

The method has two advantages over the graphical selection of point X,
nanely that-it is not susceptible to the uncertainty that is involved
in selecting point X graphically and that fewer experimental readings

are required,
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Both liquid nitrogen and liquid oxygen wWere used &8 coolants
in these investigations, the- llquefaotion pressure of nitrogen zt
the temperature of liquid oxygen (90.2°K) for use in equation (1)
being calculeted from the formula developed by Dodge. and Davis (19)
23 approximately 273 cm, Hge The disadvantagc-éf using liquid
nitrogen as & coolant is that the bath slowly condenses oxygen from
the surrounding atmosphere, and hence slowly rises in temperature
throughout the run. The liguefaction pressure of the nitrogen
adsorbate, Py ? will therefore not be atmospheric pressure but some
indeterminately higher figure depending on the amount of oxygen
dissolved in the bath. This effect or rising bath~tenperature is
shown in-Figs 12 and 13 as the isotherms do not become asymptotic
to the y=axis until well above atmospheric.pressure. -..Using liquid
oxygen as coolant this effect is eliminated, but since 1.5 atmospheres
is about the maximum safe pressure which may' be used in normal glass

apperatus, the adsorption isotherms obtainsble &re consequently

linited to fairly low relative pressures in this case. -

In order to investigate which of these coolants would bs most
effective in estimating specific surfaces nitrogen adsorptioa runs
were performed in duplicate on two dust samples (commercial "D.R.Ca"
silica dust and airborne colliery dust sample .1;..) using bosh liquid
nitrogen and liquid oxygen &s coolants, on approximately L g. of dust,
gbout the most likely to be obtained in underground collections, and
plotting the adsorption isotherm up to pressures of about 1.j
gtmospheres. The results given in Table 9 show the effect of risirg
bath temperature, when using liquid nitrogen coolant by the slightly
lower average result obtained in this case. However the rejroduc-
ibility using liquid nitrogen as coolant is muck higher than that
obtained using liquid oxygen and this is undoubtedly due to the
uncertainty of determining the monolayer adsorption volume, T8 owing
to the low limit placed upon the relative pressure obtainable using .
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the latter coolant. Agreement between the values for spccific

surface obtained using liquid oxygen as coolant was not materiglly

improved by applylng the method of lesst mean squares to obtain the

best possible solution of equation (14) from the experimental results.

Table 2

Comparison of Coolants'employed in B.E.T.Method

Liquid Oxyeen

Coolant employed ‘Liquid Nitrogen -
' pust enoloved DiRaCs Coy - D.R.Ce Colie
Dust employed (Silica) |  {(Coal) (Silica) (Cosl)
Specific Run 1 53,200 54800 51,600 . 81,000
'$Urfhce o
(cn/e.) "Run'2 {51,700 | 51,900 61,200 35,600
S ‘Average | 52,450 - 53,350 56,400 58,300

In order to obtained reasonable accuracy convenigntly it is
therefore better to employ liquid nitrogen as coclant although the
slowly rising beth temperature will lead to the production of an error
if equation (14) is applied to the results and the value of Fo taken
to be atmospheric pressure as shown in Fig 13. This source of error
can be largely reduced however and a reasonable approximation to the
value of va_may=be cbtained if any of the following expedients are
adopted, namely (a) direct plotting of the isotherm to give v, s
previcusly described, or (b) using equation (14) and confining the
values employed in its solution to relative pressures of less than
0,5, or (c) graphical interpoletion for a value of Py such that
equation (14) becomes linear and then solving the equation using all
the results available. A&s shom in Table 10 little variation exists
between the values of specific surface cbiained from given_eiperimental

results using any of the above methods of caloulation.
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Table 10

Variation of B.E.T. Result with Method of Calculation

Specific Surface Values (cmz/gil

Method of Calculation
Dust employed
(a) above (b) sbove (¢) ahove
DeR.C. (Silica) 54y, 600 53, 200 56,400
C.k. (Coal) 52,550 54,800 564200

When liquid nitrogen is employed as coolant a reproducibility of
better than = 10% is obtainable in the specific surface values from
low temperature adsorption determinations carried out om 4 ge of dusts
of the type collected in these investigations. The experimental
error is hoWever proportionately increased as the total surface
available for adsorption is decreased and thus approximately 1 ge of
typical airborne colliery dust is required in order to give a

reproducibility of - SQ%.

Correlation between Methods

The values obtained for the specific surface of five different
dusts determined by four different methods, namely (&) low temperature
nitrogen adsorption, (b) the Lea and Nurse air permeability method,
(¢) microscopic analysis of a thermal precipitator slide taken from
the original dust cloud and representative of its mean concentration
and (d) microscopic analysis of the collected dust after redispersion,
are given in Table 11. It will be seen that the values obtained for
the specific surface of any of the samples decrease in the order
(a) (@) (e¢) (d) end this is in accordance with the results
of other workers (20) (21)
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Teble 11

Copparison of Methods for Specific Surface Determination

Specific Surface (cm2/ge)
Microscopic Analysis
Dust Sample Logag;mp (®) (c) T1q)
Nitrogen Lea & Nurse P : :
Adzorction T.P, Slide Red&aggrscd
M.S.C. Silica 51,500 15,100 - 5,970
D.R.C. Silies 52,450 16,000 - 6,780
e 1. . Goal 26, 100 12,560 - 4,320
Po1 Coal 27,700 12,480 - 45550
ot dis 4 COBD 53,350 12,280 5,390 3,110

The inerease in the specific surface value obtained using method
(¢) over that obtained using method (d) above is to be expected owing
to the absence of any dispersion error when method (e) above is employed.
Similarly the increase in specific surface value obtained using an air
permeability method over that obtained using microscopic analysis may
also be readily explained by the fact that the particles are no longer
treated as equivalent spheres using this methods This assumption,
which is in fact unjustified with regard to airborne colliery dust,
was made when calculating specific surfaces from microscopic distribution
data and better correlation between the air permeability results and the
miecroscopic results might well have been achieved if a reliable shape
factor for the dust had been obtainable.

The increase in the specific surface values of dusts as calculeted
from low temperature nitrogen adsorption isotherms over those caloulated

from air permeability methods or microscopic analysis requiresa more
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lengthy explanation. It is assumed in air-permeability methods that
the bed of powder behaves as a bundle of capillaries. In conseqguence,
only the surface of the continuous paths through the meteriel will
contribute to the measured specific surface area. This area is not
the same &s that measured by adsorbing & gas on the surface of &
powder where all the surfece accessible to gas molecules of the type
used will contribute and there will therefore be a general trend for
results obtained from adsorption data to be larger than those obtained
by a permeability method. This difference may be accentuated if the
powder has an appreclieble internal surface due to cracks, internal
pores and other irregularities and, in addition the permeability
nethods may not measure the full external surface of the powder because
of the formation of blind pores during compaction.

Thus when a very much larger specific surface figure is obtained
using a low temperature adsorption method than the specific surface
figure obtained by an air permeability method on the same powder,
particularly where the powder is coarse and the ratio between the
results is greater then 10, a considerable internal surface is
indicated in the powder. TWhere the ratio of the two results is in
the range 2 to 5, however, as was found to be the case in these
experiments, no definite conclusion on the presence or absence of
internal surface can be drawn, although it seems likely that at least

a2 smell amount of some form of internal surface may have been present.

It is however obvious that, while agreement within any one method
is fair, agreement between different methods is poor, each method

giving a completely different range of answerse.

Conclusions

The method to be employed in measuring the specific surface of
an airborne colliery dust will depend on the particular aspect of
the properties of the dust under consideration. If ability to

penetrate to the terminal air sacs of the lung is the guestion umder
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consideration, then the external surface of the particles is the
primary factor concerned and microscopic analysis ecorrected by the

use of a suiteble. shape factor or an air permeability method,
preferably adapted for use with small amounts of dnst, may be employed.
The latter method has the advantage of being much the more rapdd of
the two methods.

If the fector under consideration is the total surface available
to take part in a heterogeneous chemical reaction, then it is probablpg
that a low temperature adsorption method should be adopted although
this technique is raether lengthy and requires relatively large amounts
of dust.

In investigations of this type however, it is probably best merely
to check the resulis of optical microscopy by means of a suitably
adapted air permeability method, which can be exeouted rapidly using

small quantities of dust.
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EXANMINATION OF COLLIERY DUSTS BY X~RAY DIFFRACTION

Introduction

Since the wavelength of X=rays, commonly Oo1 to 1 R, is of the
same order as the interstomic distances in typical crystal structures,
crystals act in the manner of diffraetion gratings when irradiated by
X=rays and give rise to interference patterns. The distances between
the various interference bands is dependent upon the interatomic
distances in the crystal, and the intensity of each reflection is
dependent upon the atomic number of the atom causing the reflection,
thus a pure crystal generally yields a characteristic diffraction
pattern by which it may be identified. Amorphous material on the
other hand does not give rise to a regular diffraction pattern, since

the interatomic distances in such material are naturally not consistent.

It was therefore decided to investigate the orystal structure of
some of the airborne colliery dust samples by means of X-ray powder
diagrams and thus obtain some preliminary idea of the degree of
crystallinity present. It was intended to use the diffractioa patterns
to estimate the quartz contents of the dusts by comparison with known
standards.

Procedure and Results

Powder photographs were taken in 2 5¢73 ocme diameter unevacuated
diffraction camera with filtered copper radiation. The sample to be
irradiated was loaded directly into lithium borate glass tubes of 0.5 mm.
outside diameter and 0.3 mme. bores In general, dusts were not sieved
but were used exactly as they ceme from the collector so that the full
particle size range was present in the specimen,

In all cases continuous diffraction rings were obtained and the
4" spacings of the rings were measured by XngstrOm scale since the
absence of high angle reflections prevented more accurate measuring
techniques being adopteds The patterns obtained for the various
colliery dust samples were then compared with the lines obtained from
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standard samples of quartz, kaolinite and illite, kaolinite being
taken as a typical example of the kaolin group of minerals, and illite
being taken as representative of the micaceous group of minerals,

The results obtained by examination of x-ray powder disgrems for a
series of pilot samples together with the results of ehemical analysis
for free and total silica are given in Table #2 below.

Table 12

Interpretation of X-—ray Powder piagrans

% Motal
Sarple gllﬁg: _ éﬁg’_“ X~ray Powder Diagram Result
Faint silica line
2 Ket holt 154 Faint silicate lines
Ce 1 5.3 12.0 Weak silice lines
3K o2 4.0 145 Faint diffuse silica lines

(small partioles)

y o | Jel 21 .2 Weak silice lines
LoX o1 5l 2068 Weak silica lines
Po 1 e 9,0 Weak silica. Apparently

present in large particles

Faint silica lines. Strong
ol w 1.0 "
e ; e silicate lines

Me 1 125 0 Weak silica lines, Weak
. e silicate lines

o 3 2 o6 Paint silice lines. Weak
4 -4 : silicate lines

L. 1 Le7 16,0 Weak silica lines. Weak
silicate lines
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It will be seen that no more than a very rough idea of the
composition of the colliery dust was obtained from the x-ray powder
diagrams, although some form of agreement is obviously present.
Thus in sample E,F.1. the keolinite lines are stronger than the
quartz lines, in contrast to the remaining samples, and this result
is confirmed by the results of chemical analysis,

Attempts were made with later samples to simplify the diffraction
petterns by ashing the samples at 750°c prior to examination to remove
the coal fraction of the dust. The ashing process was found, however,
to result in the destruction of several of the mimergls in the dust,
including keolinite, and little impflyement im the clarity of the
diffraction pattern resulted probably owing to the presence of

considerable amorphous material in the ashed semple.

Conclusions

The simple technique used does not give worthwhile results even
though &s little as 3% Of silica can be detected.

Interpretation of the diffrasction patterns is rendered difficult
by the presence of comsiderable amorphous material which is not readily
removed, and, imn addition, since clay minerals are generally of layer
form, it would be necessary, if an analysis of those Were required, to
modify the camera to record lower diffraction angles. For esample,

9 L is the largest "@&" apacing which could be measured with the
instrument employed, while 10 £ is the gtrongest line for illite.
The camera would also require to be evacuated if a quantitative

estimation of gquartz content was required.

The problem of estimating the quartz contents of small particle
size dusts by means of x=-ray diffraction techniques has been largely
overcome by Dr. Nagelschmidt of the Safety im Mines Research
Establishment, Sheffield, who overcomes the problem of the existence
of an amorphous layer around small silica particles (22) by determining
a "mean quartz reting” for each sample. He has employed two methods
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in his investigations. The first method employes cobalt K radiatiom
and adopts & microdensitameter technique (23) using magnesium oxide
a3 internal standard, this method is capable of an accuracy of 2 10%
for samples containing more than 30% of quartz. The secend method,
which is a development of the first, is capable of an accurary of,

at best, = 4% (24) and uses = Gcigar—Mﬁller counter unit (25)
specially built to employ an external standard.

It is therefore evident that it would be necessary to employ a
counter technique similar to that employed by Nagelschmidt to obtain
worthwhile accuracy in work of this kind and equipment of this highly

developed type was not available for use in this investigatione.



ESTIMATION OF THE FREE SILICA CONTENT OF DUSTS

Introduction

The gbility to determine the free silica content of airborne
dusts is of the utmost importance in estimating the health hazard they
creates Several methods both chemical and physical have been
developed for this purpose, the most popular of the physical methods
being differential thermal analysis (26) and x=ray diffraction, while
the sulphuric acid method of Shaw and Skinner (27) and the phosphofic
acid method of Trostel and Wynne (28) have become generally accepted
as suitable chemical methods. None of these methods, however, is

capable 6f a high degree of accuracy.

Nagelsochmidt has shown (24) in a series of inter-laboratory
tests carried out on standerd samples that a semi=micro modification
of the Shaw=Skinner technique gives the more accurste results of the
two chemical methods, while x-ray diffraction methods are capable of
considerably greater accuracy than differential thermel analysis.
Both the Shaw-Skinner technique and x-ray diffraction are capable,

at Best, of an acourscy of = 4%.

Accordingly the semi-micre medification of the Shaw-Skinner method,
described fully in Appendix A, was adopted for the estimation of the
free silica contents of the airborne colliery dusts collected in this

investigation.

Shaw=Skinner Method

The Shaw-Skinner method for the determination of free silica depends
basically upon the dissolution of the silicete portion of the dust in hot
concentrated sulphuric acid without attack upon the quartz content.

As many silicates under these conditions release their silica in an
asmorphous form, insoluble in hot acid, this silica is removed by & dilute
alkali extraction. After a series of such extractions a residue A is
obtained. This residue is then treated with 40% hydrefluoric acid and
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& non=siliceous residue B is obtained. This residue is taken to be
@lumina, and this amount, multiplied by 2.01, gives an estimate of
the undecomposed silicates of the sample estimated as felspar. The
free silice content of the sample may then be calculated from the
formula below, in which the factor 108.6 has been incorporated to
allow for the solubility of quartz dust of respirable size in hot
acid and dilute alkali.

% Free-Silica Content = ‘{A - (B x 2.01)}:: 1086 ~ -~ = = = (15)
Weight of Sample

After each treatment in this method, the dust has to be separated
from the supernatant liquid by centrifuging, and since untreated
girborne colliery dust was not wetted by the various reagents, accurate
results could not be obtaineds This difficulty was, however, overcome
by first ashing the colliery dust at 750°c for one hour in a mnuffile
furnace before submitting it to analysis by the Shaw—Skinner technigque.
This modification also, naturally, resulted in an imerease in the
accuracy with which the silica content of the colliery dust was
determined.

The samples of airborne dust obtained from the various pits arrived
in the Soxhlet thimbles in which they had been collecteds Each sample
was then transferred to a tared Petri dish and dried under vacuum at
60°¢ for four hours. The dry dusts were 211 found to be hydroscepic
to some extent and all inereesed in weight on the belance pan to the
extent of up to approximately 0,5% of their total weight. While seme
error inevitably resulted from this source this error was very small ia
comparisen with the error due to the inaccuracy of the analytical
method employed, and the srror due fo moisture absorption was in any
case rendered substantially constant in all the following analytical
procedures by weighing the dust samples only after they had reached
equilibrium with the air in the balance case, which was dried by
silica gel, so that the moisture contents of the nominelly dry dusts

were, therefore, fairly constant.
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When these preceautions had been taken and the dust had been
ashed before submission to the process of analysis it was found that
& reproducibility of the order of % 0,5% was obtained in the free
silica content of the uncombusted colliery dust. Since the accuracy
of the Shaw-Skinner method is approximately = 4%, however, an
accuracy of 5 Q.5% will probably only im fact be obtained where the
ash content of the colliery dust is less than 12.5%%. The results
of these snalyses on colliery dusts, which were performed in
duplicate, are given in the final section of this thesis.

In order to test the operator's sccuracy &nd the accuracy of
the method a number of standerd ssmples, provided by Dr. Nagelschmidt
for his inter-laboratory tests (24) were snalysed using the semi=-
micro mwodification of the Shaw-Skinner technigue and ashing the
samples before submitting them to amnalysis in analegy with the
procedure adopted when the method is applied to airborne coal mine
dustse The compositions of the standard dust semples employed and

the results of their duplicate analyses are given in Table 13 below.

Table 13

Xocuracy of Shaw-Sikdinner Semi-Micro Method
(Samples supplied by Dr. Nagelschnidt)

Known Compositien Analysis
Sanple % Quertz % Kaolinite % Muscovite % Free Sili:
X1072 100 0 0 100.0
X 1876 0 100 0 1.2
X 2043 66 o7 33e3 0 6600
X 2431 0 ) 100 005 ﬂ
X 24,78 0 2845 7145 0.5
X 2479 1440 2ly o6 61k 1740 .
X 2,80 48 1408 36.8 49¢0
¥aximum Error (%) 3.0

Standard Deviation 163
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The nethod appears to have a slightly greater accuracy than thet
estimated by Nagelschmidt and secems capable of giving reliable
information on the free silica contents of airborne colliery dusts.
The fact that 2 result of 100.,0% was obtained for sample Xi072 is,
of course, a coincidence, although this result appears to justify
the value taken for the correctionm facter in equation (15).

Although the method is reliable and yields reasonably accurate
results it is laborious and lengthy,requiring 18 to 20 man-heours for
@ duplicate determination. This factor is a severe handicap in work
of this kind where 2 large number of results are required before ahy
conclusions as to the dependence of health hezard upen dust composition

may be drawne

For this reason it was comsidered important to develep more rapid
and, if pessible, more accurate methods of free silica determination.

Infra~Red Spectra of Silica and Silicate Minerals

It was appreciated that the time required for the analytical process
would be greatly reduced if the gravimetric method could be replaced by
an optical methed in which mne compliecated treatment of the dust was
required. An attempt was therefore made to develop a method of free

silica estimation using infra-red spectroscopye.

The atoms of axlid do mot remain at rest but are continually
in vibration at frequencies of the order of 1013 te 101k

second, which is of the same order of magnitude as the frequencies

cycles per

of infra-red radiation. These intra=molecular vibrations occur at
certain frequencies depending on the grouping (e.ge C-H, C-0O, 0=0) and
if substances are irradiated by & succession of monochromatic bands

of infre~red radiation, these frequencies may be absorbed. It is
possible, therefore, by plotting the percentage of radiation absorbed
by a substance against the incident wavelength to state that a molecule
contains certain groupings eg. 6=0 and this function is carried out by
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the infra~red spectrophotometer. The use of infra-red spectroscopy as
an analytioal tool has been developed, with & great degree of success,
ih the field of organic chemistry, but its use in inorganic applications

has only begun te be exploited over recent years.

In order to determine whether the infraered spectrum of quartz
contained absorption bands which are not shown by other minerals
commonly to be found in colliery dust, the data obtained by Prentice
(29), a previous worker in this field, and by other workers whose
results are reported in the literature (30) (31) (32) (33) were
referred to., This condition must be satisfied before a reasomably

accurate estimate of quartz content may readily be made using infra-

red spectroscepy.

The positions of the main abserption bands for minerals commonly
found in colliery dusts are given in Table 14. Calcium carbonate has
been included in the list as limestone and water are frequently used
on the floors of headings in coal mines to reduce the explesion risk
presented by asccumulations of ceal dust. It is therefore possible
that airborne colliery dust could become contaminated with quantities
of calecium carbonate entrained from the floor of the roadway by the
ventilating air current. The data for cyeclo hexane and for aluminium
stearate which were later used to prepare dispersion mixtures are

also givene
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Table 14

Main Absorption Bands in Infra-Red Spectra of Minerals

Key s = strong,

m

= medium, ® = wWeak

and Fused Silica

Sabotovee Bavelengths of Absorptions ()
Quarts 5095 (W), 6.30 (w), 7.70 te 11.70 s? 12,50 sm)
an 2 085 (m
Cristobalite,Pridymite [ 5.95 (w), 6430 (w), 7.70 to 11.70 (s) and 12.50(m

2.73 (m), 6+05 (w), 755 (w), 8493 to 10495 (s)

Raolinite
12.50 (m), 12.65 (m), 13.30 (w) and 14.51 (m)

Mica 9.30 to 10.80 (s) and 13,30 (m)

Muscovite 2,78 (m), 9435 to 110 (s), 1241 (w), 12.5 (w),
13035 (mj, and 114..8 (W)

Olivine 6410 (w), 9485 to 11.90 (s) and 13.10 (w)

Willemite 8.25 (W), 8460 (W), 9.00 (w), 9.15 (w), 9.50 (w)
and 10400 te 11455 (s)

Vitrain 3.0 (m), 3430 {w), 342 (s), 5.22 (wg, 587 (sg

or 6.19 (ss. 6.90 (SS, 7+25 (WS, 8.0 (m), 9467 (w
Anthraxylon 1164 (m), 12.26 (n) and 13.29 (m)

Calcium Carbonate

6450 (W), 6480 (s), 6495 (m), 740 (n) and
8.70 to 10.05 (w)

cvelo Hexane

2,51 EW)' 2,87 {w), 2+97 (w), 314 Ewg, 3okl (sg
Fa 72 s), 3,79 (5), 425 (WS, LottO (W), 460 (w
4 .68 wj, 483 (w), 500 (w), 5e32 gwg, 5olil; (wg
6688 (), 7ok (m), 7+95 (s}, 864 (W), 9465 (m
11405 (55 and 1146 (s)

Aluminium Stearate

635 (n), 6685 (m) and 10.25 (w)

It is seen from Table 14 that, while quertz has absorptionm
maxima at 12,50 and 12.85.4, silicates with the exceptions of

kaolinite and muscovite have no absorption maxima at these wavelengths
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With the methods employed in this work however, it was impossible to
detect the weak absorption bands shomn by muscovite at 12.1.4 and 12.5.48,
while the absorption maximum shewn by kaolinite at 12.5-@a was very much
weaker than that shomm by quartz at the same wavelength. It should be
possible, therefore, to determine gquartz in the presence of silicates
including kaolinite and muscovite using the absorptien meximum shown

by quartz at a2 wavelength of 12.50.4.

A study of the spectra obtained for the various forms of free
silica shows that all forms (quartz, cristobalite, tridymite and fused
silica) have an sbsorption maximum at 12.50.@, but that only quartz has
an agbsorption maximum at 12.85.4. From this it may be concluded that
it should be pessible to estimate quartz im the presence of other forms
of free silica, and this has in fact been achieved (34) usimg a pelleting
technique. No such diseriminetion between quartz and other forms of

free silica was however attempted im this investigation.

Similerly calcium carbonate, cyclo hexane and aluminium stearate
give absorption spectra with no absorption maxima, at wavelengths of
12.5-4 or 12,854, and these substances may therefore be present in
any sample under examimation for quartz content. Vitrain, a common
coal constituent, does however show an absorptien meximum in the region
of 12.50.8 wavelength, but coal constituents may readily be removed

from airborne colliery dust by ashing prior te spectroscopic examination.

Dispersion Methed

In order to carry out a guantative estimation upon & solid by means
of infra-red spectroscopic examination, where a dispersion technique is
selected for the purpose of mounting the solid im the spectrsocope beam,
the following conditions must be satisfied. Firstly, the particle size
of the material under test must be less than 1.4 in order to minimize
refraction of the incident infra-red light. Secendly, the material
under test must be uniformlydispersed in the dispersion medium and,
finally, a cell of uniform thickness must be employed.
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Prentice did considerable work in adapting dispersion methods te
the specific problem of free silica estimation and finally adopted a
development of the technique employed by Dolinsky (35) who suspended
various solids in 1% solutions of aluminium stearate in carben
tetrachloride or carbon disulphide for infra~red spectroscepic
examination. It was decided to repeat the later stages of the work
performed by Prentice before proceeding further with the investigation.

The standard samples, supplied by Dr. Nagelschmidt, were again
enployed in testing this method of free silica estimation. In
analogy with the treatment which would be necessary for airborne
colliery dusts, approximately 2 ge of each standard ssmple was first
heated in a puffile furance at 750°G for one hour and the ash content
estimated. The ash from this procedure was then ground for twenty
hours in a mechanical agate mortar in order to reduce its particle
size to less than 1-w.

The material under test (1 g.), aluminium stearate (1 g.) and
cyclo hexane (25 ml.) were thea placed im a 250 ml. "Quickfit" flask
and heated to boiling, with comstant shaking. The flask was allowed
to cool and glass beads (25 ml.) were addeds The flask wasthea shaken
for one hour or a "Microid" flask shaker, when the material was considered

ready for analysis.

The infrag=red spectrophotometer used in this work has been described
by Brownlie (36) and uses a Schwarz thermopile in the receiving systeme
This spectroscope was used as & single beam instrument througheut these
investigations on account of its diminished sensitivity when employed

23 a double beam instrument.

This spectrophotometer was found to be insufficiently stable to
enable calibration curves to be employed successfully and therefore the
base line method was employed in estimating the amount of absorptien
taking place at a wavelength of 12.5-4, which was chosen as the
characteristic absorption maximum fer free silica, flor reasons already
stated.



In order to minimize the effect of variations in the sensitivity

of the spectroscope all the spectrographs necessary for a series of
duplicate estimations were obtained on the same day and fairly frequent
spectrographs of the quartz standard (X1072) were obtained througheut
the period of operation of the instrument. Using the base-line method
(37) the concentration of & given material present is proportional te

logy fg where the symbols have the significance indicated in the

I
following sketch and the quantities are measured at an absorption

maximum characteristic of the material concerned.

\Font - SPECTRUM
\l .
¥
" ¥ TOTAL ABSORPTION

As had been noted by Prentice the accuracy of the method fell
off rapidly, where the samples contained less than 50% of free silica,
Thus, for samples containing less than 50% of free silica, 0¢5 go of sample
and 0.5 go of pure quartz were taken, instead of 1.0 go of sample, when

making the suspension.

A rock salt cell adeapted for use with uniform thicknesses of
viscous liquids was developed by Prentice for use with the type of
mull obtained as sbove, and this cell, which is described below, was
used in these investigations.

Two lead strips, measuring 1 in. by Ot in. and 04005 in. thieck,
are placed lengthwise at opposite ends of & 1 inch square polished
rock salt plete. A suitable quantity of the mull prepared for
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examination is placed in the middle of this plaete and a second
similar reck salt plate is brought inte pesition on top, ocare being
taken to exclude zll air bubbles from the cell.

The results obtained for the free silica contents of the standard
samples, both by the method described above and by the Shaw-Skinner
semi-micro method are given in Tgble 15. Since this work was
originally performed by Prentice, this werker's results are gquoted in
columns A of Table 15, while the results obtained' by the writer are

given in columns B.

Table 15

Comparison of Grevimetric and Delinsky Type Infra-Red
Hethods of Analysis for Free Silica

NS b o T
) A B A B

X 1876 0.0 9.0 1.2 0.0 3,0
X 2,31 0.0 ka2 0.5 0.0 743
X 2478 0.0 0.7 0e5 0.0 0.0
X 2479 14..0 1604 17.0 15,0 | 1949
X 2480 48l 47.0 49.0 5040 | 5he7
X 2043 6647 6545 6640 68.0 | 61.1
X 1072 100,0 88.2 | 100.0 100.,0 | 100.0
Maximum Error (%) 1148 3.0 146 T3

It will be seen thet while Prentice found the infra-red method

described above superior in accuracy teo the Shaw-Skinner method, the

writer found it rather less accurate, although it was undoubtedly

considerably more rapide.

This disagreement, however, could easily
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have been caused by the varying skills ef the operators at each of
the two methods employed.

Pelleting Method
While the method of infra-red analysis for free silica developed

by Prentice appears capable of application to the analysis of airborne
colliery dust, it hes a sericus disadvanteage im that it is expensive

of dust, 1 ge being required for an analysis. The tendency of the
cyclo hexane teo evaperate ffem the mull during operation of the
spectrometer and the comsidereble difficulty of obtaining a cell

heving & comstant film thickness alse leiﬁ te imaccuracies in the 557
execution of the method.

It was therefore decided to try to apply a pelleting technique
to the problem of mounting the s0lid under exsmination in the infra-
red beam of the spectrometer. In this method a small amount of the
finely ground selid under examination is thoroughly mixed with dry
finely ground potassium bromide ard the mixture is then compressed
inte a transparent pellet. Since potassium bromide is transparent
to infre=red radiation over the usual frequency scan of an infra-red
spectrophotoneter the pellet may therefore be mounted in the lignt
bean of the instrument and the spectrograph of the dispersed solid
may thus be recorded directly. This obviously overcomes the
difficulties of selvent evaporation and of superimposition of the
spectra of the substances forming the dispersion medium upon the
spectrum of the dispersed solid under examination. In additien
much smaller quantities of seoliu are reguired to carry out a

spectrographic examination.

The potassium bromide pelleting technique was developed
simultaneously by Stimsorn and O'Dennel in America (38) and by
Schiedt and Reinwein in Germany (39). Many other workers have
since applied the technique to problems of hoth organic and inerganic
analysis which were indissoluble, or difficult to absolve, by other
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meanse For example, Browning, Wiberley and Nachod applied the
technigue to the estimation of atropine and seopelamine in mixtures
of these two alkaleids (40), while Kirkland applied the methed to the
estimation of qumrtz in quartzecristobalite mixtures (34) in the
inorganic field.

In the present work a press similer teo that developed by Ford
and Wilkinson (41) was employed. The press components were febricated
in stainless steel and specially hardered surfaces were provided for
the die and envile The % ine diame die and anvil Were enclosed in an
outer evacuable casing and a 1% ine B.S.F. screw mounted on a suitable
cast-iron platform acted as ram upon the die plunger. Effort was
applied menually te the ram by means ef a ratchet wrench approximately
eighteen~inches in lengths The practicel difficulties of producing
optically clear potassium bromide pellets using this type of press {(41)
are described in detail by Pord and Wilkinson.

To manufacture a pellet the anvil was located in the imner casing,
a suitable guantity of pdtassium bromide mixture which had been
previously ground to & particle size of less than 1 was then measured
inte the die opening, and the die and die plunger were replaced. This
assembly was then placed in the outer casing and the potassium bromice
mixture was evacusted im situ for at least & minute to remove traces
of water vapour. The press was then mounted under the ram and the ram
was tightened up to the die plunger and slackened off once or twice,
to ensure that an even layer of powder was obtained on the anvil,
Finally maximum bodily effort was applied to the wremch and the die
pressure was allowed to remain for five mimutes before slackening off.
The potassium bromide im the presswas continuously evacuated during the
pressing process and the vecuum was only finally released when the ram
had been slackened off's The inner casing was then removed #md the anvil
was dislodged from its locatien in the die opening by dealing the free
end of the die plunger a sharp blow oﬁ a wooden surface. The potassium

bremide crystal, which was normally eptically elear, was then carefully
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remcved from the polished surflace of the dieo

Assuming 2 maximum effort om the part of the operator of 150 1bs.
at an effective radius of 1 ft. and a screw efficiency of 5%, a die
pressure of approximately 10 tonq/imz is obtained using this press.
However much Righer pressures, of the order of 500 tons/inz, would
be available using a suitable hydraulic press (42) and, in additien,
much easier disc removal would be achieved if the press were of the

split-casing type (34).

Owing to the difficulty ef weighimg solids accurately, inte the
press & number of small brass moulds were made and the ground petassium
bromide mixture was temped inte these and then trgmsferred to the press.
Three such moulds were made, one being Q.5 in. diam and O.1 in. deep,
one 0.5 in. diam and 0,05 in. deep, and one 0,3 in, diam and 0,05 in,
deepe Crystals were made using each of these three moulds, but it
was found that only the crystals preduced using the smallest mould
were of sufficiently high quality flor use in this imvestigation;
these crystals were alse of the minimum thickness convenient for
handling. Crystals of greaster thickness and of sufficiently high
quality would however be obtainable if & hydraulic press capable of
high die pressures were employed.

Mixtures of 10 g of potassium bromide and 2 goy; 0eb ge; 0¢3 g,
0e2 gey 0ol go and 0,05 gu of quartz were prepared. These mixtures
were each ground in a mechanical agate mortar for 15 hours in order
to reduce the particle size to less than 1-u and, finally, about 1 g.
of each of the mixtures was ground fer five mimutes im & small high
frequency ball mille Using the smallest of the three moulds for
measuring purpeses, about eight identical pellets were then made
from each of the gbove mixtures.

In order to, as nearly as pessible, cover the path of the infra=
red light beam of the spectrophotemeter used it was foumnd necessary to

employ four crystals. These orystals were mounted im a 25 in.x 1§ im.
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x‘% in. breass bleck slotted to fit inte an existing liquid cell
holder. Since the average diameter of the potassium bremide crystals
was 0,506 in., four heles arranged, as nearly as pessible, to cover
the light beam, were drilled im this block for half the thickmess of
the block to a diameter of 0,515 in., #nd for the remaining thickness
to a diameter of 0,495 in. thus providing a ledge for the petassium
bromide crystals te rest upen. The four selected pellets were, in
practice, dropped gently inte their respective holes with the bleck
held herizentally and a thin 2im. x § in. brass £rip, bent inte the
shape of 2 circle, was pressed gently home after each of the crystals,
so thet the latter did net topple from their proper lecation when the
block wes returned te a vertical positien.

Using this helder crystals made from each of the six mixtures
of varying quartz content were examined in the spectroscope. The
spectrographs obtained showied that Beer's Law was obeyed, even
approximately, only at very lew quartz concentrations and that a
maximum "peak depth" fer the abserption meximum shown by quartz at
a wavelength of 12.54 was obtained using crystals containing
approximately 1% of quartz. Below this comcentration much poorer
absorption was obtained, while at higher concentrations light scattering
led to & lower gencral tramsmittance with a consequently impaired

spectrograph.

It was accordingly decided to employ crystals centaining
approximately 1% of the dust under analysis when estimatimg quartz
contents and to measure the absorptions obtained at a wavelength of
12,504, since only at this wavelength does free silica show a sharp
abserption band which is relatively unaffected by the superimposed
spectra of other minerals commenly found in mine dusts. It was again
found convenient to empley the precautiens previously taken to allow
for the daily variatiens in the sensitivity of the instrument empleyed
and, with dusts containing less than 50% of quartz, an aliquet pertien of



the dust was wgain mixed with an equal weight of quartz before
pelleting, as it was noted that the accuracy of the methed fell off
considerably where the quartz content of the dust under eanalysis was
less then 50%.

The standerd dust samples provided by Dr. Negelschmidt (24) were
first analysed. 10 g. of dry potassium bromide and Q.1 g. of dry
dust were weighed into an agate mortar (10 g, of potassium bromide,
0,05 g. of dust and 0.05 g. of guartz in the case of samples
containing less than 50% of quartz) and the material was then
ground and pelleted im the manner described above. The spectrographs
obtained frem these pellets were then compared with the spectregraphs
obtained from similar pellets containing pure quartz (X1072) by
comparing the corresponding absorptions at a wavelength of 12,54
using the base~line method. The values of the estimeted quertz
contents of these stendard samples obtained from duplicate analyses
by the method deseribed above,by the variatien of Deolinkky techique
developed by Prentice and by the Shaw-Skinner semi-micre gravimetrie
method, tegether with the actual guartz contents, are given in
Tgble 16. The samples were all ashed prier teo analysis in erder
that the results should give an indication of the accuracy likely

to be obtained when using ashed celliery dustrather tham reck dust;



Table 16

Comparison of Methods for the Estimation of Free Silica

S e .Est%mate? Content of Free Silica (%)
Sample | of Free Silica Grevimetric Infra - Red
D) Shaw-Skinner | Dolinsky | Pot=Bromide
X 1876 0.0 1.2 3.0 0.0
X 2431 0.0 045 743 0,0
X 2,78 0.0 0.5 0.0 0.0
X 24,79 1440 17.0 19.9 11.9
X 2,80 48k 4940 Slee7 4B.7
X 2043 6647 660 61.1 65.5
X 1072 100.0 100.0 100.0 100.0
Maximum Error (%) 340 73 241
Standard Deviation (%) 143 50l 1.8

The results given in Table 16 show that the infra-red spectrographic
method empleying potassium bromide pellets is comparable in accuriby to
the Shew=Skinner semi-miocre gravimetric methed for the purpose of
determining the frree silicia content of rock dusts. In calculating
the standerd deviations of the two infra-red analytical methods
employed allowance was made for the follewing factors. Firstly, that
sample X1072 was used as a standard for comparisen with the other
samples and the figure of 100.0% reported as being the estimated free
8ilicia content of this sample is not therefore a true result, and,
secondly, that small negative values were in fact obtained for the
estimated free silica oontents of a number of dusts. While the latter
results have no physical significance and were therefore reperted as

being zero in Table 16, the actual values cbtained must naturally be
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teken inte account when estimating the aescuracy of the metheod.

The free silica contents of three samples &f airborne coal mine
dust were then estimated using the pelleting method deseribed above.
In this cese the actual silica centents of the samples were, of
course, unknown and the accuracy of the infra-red method for this
application was judged by conducting parellel estimations using
the Shaw=Skinner semi-miore gravimetric method. The infra-red
analysis was implemented in a manner exactly similar to the method
described above, the samples being ashed prior te analysis to obviate
interference from the numberous absepption bands due to organic matter
(33) present in the airberne colliery dust, and a mixture of 0,05 ge
ash, 0.05 ge quartz and 10 g. potessium bromide being used for
pelleting, as the free silica content of airborme coal mine dust
ash is almost invariably less than 50%. The results obtained are
given in Table 17 and it will be seen thet good agreement is obtained
between the infra=red and the gravimetric method, teking inte accoumt

the coensiderable experimental error invelved in both methods.
Table 17

Compe rison of Methods for the Estimation of Free Silica

in Airborme Colliery Dust

1 Estimated Free Silica Content ()
Seople Shaw =~ Skinner Infra — Red
3Keb 241 b3
5.Ko7 : 1 00 0.7
Balta8 123 949
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Since the absorptions shown by the potassium bromide pellets were
found to obey Lambert's Law the accuraey of the method obviously
depended upon consistency im the thickness of the pellets produced.
The pellets formed were actually found to have a thickness between
13:2 and 15.1 dn x 10"'.5 with an average thickmess of 14.2 in x 10-5
and & standerd deviatien im thickmess of 0:6 im x 107, while the
mass of the erystal veried from 041196 g. to 01357 g. with an average
mass of 01269 go and a standard deviatien in mass of 00,0052 g.
Obvieusly a good deal of the inemcuracy moted must proceed from this
source and much of this inaceurazey could be eliminated by employing
en internel standard (43) such as potassium thiocyanate which does not
have absorption bands im the region of 12,50 wavelength.

Wnile inaccuracy, due to variations in erystal thickness may thus
be eliminated, errer will nevertheless proceed from the following
sources, namely 3 (a) presence of particles of greater than 14 in
© size, (b) incomplete dispersion of the solid under analysis in the
potassium bremide, (e¢) weighing and transfer errors resulting in
variation of concentration, (d) instrumental errors and (e) errors
due to the superimpesition of the spectra of the colliery dust ash
constituents; other than quartz, which display abserption mexima inm
the region of 12.504 wavelength. It is thought that errors due to
the first four causes can be reduced to a satisfacterily low level,
but, while little interference from superimpositien of the spectra
ef colliery dust comstituents other than quartz was detected in the
present investigation, mere detailed work with a mere sensitive
instrument mey show that allewance (44) for dilluents, such as
kaolinite and muscovite which shew weak absorption bands in the region

of 12,50 wavelength, would improve the accuracy ef the method.

Conclusions

VWhile the Shaw-Skinner semi-micro gravimetric method is effective
when applied to airberne colliery dusts in ylelding data on their free

silica centent of reasenable accuracy and practical value, its execution
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is very time-gcensuming, abeut 20 man-hours being required for a
duplicate determination, and this facter is a serious hindrance in
work of this sort,

An infresred spectrographic method in which the dust under analysis
is dispersed before examinetion in a petassium bremide pellet has been
suggested above as an @lterngtive to the gravimetric methed. This
method appears te be of compapable accuracy te the Shaw=Skinner method
and requires onrly about four man-hours for the duplicate determination,
The method, however, is in meed of further investigation before complete
reliance cen be placed upen it, and it is thought that such investigation

would further inercase its accuracye.

Alternatively the x-ray diffraction methed developed by
Negelschmidt (2,) may be used to rapidly determine the free silica
oontents of the dusts. This methed, however, requires highly
developed and expensive equipment,
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ESTIMATION OF THE TOTAL SILICA CONTENT OF DUSTS

Intreduction

The pathogenicity eof an airborne dust conteining free silica is
largely dependent, from a silicesis viewpeint, on the propertion ef
the silica content of the dust which is present in the free or

unconbined form.

The "silica selubility®™ of the dust is greatly reduced where a
large proportion of the silica centent of the dust is present im the
combirned form as silicate. The reduced solubility of the quartz
content of high silicate dusts is in fact due to a small amount of
alurinium hydroxide released by the mimeral silicates whichrare
generally in the form of kaolins ;grmicaceous minerals, which geoes
inte solution in the water to a sufficient extent to depesit om the
quartz particles,coating their surface. It is alse thought that
the reduced pathegenicity of high silicate dusts ia due teo this cause.

On account of this effect it was considered advisable to determine
the total silica centent of each airborne dust sample in addition te
estimating its free silica content, se that the silica present in each
dust sample in the combined form could readily be obtained by difference.
The problem of determining the total silica content of a substance is
much less complicated than the problem of determining tbefree silica
content, as no distinction need, obviously, be made between the twe

types of silica present in the dust.
Gravimetric Method

King's semi-micre gravimetric technique (45), which is fully
described in Appendix A, was adopted as the standard method for
estimating the total silica content of the airberne celliery dusts
exanineds The method consists essentially of a fusiom of the sample
with sodium carbenate, after which the silica is precipitated from the
fusion preducts, filtered, and finally estimated by evaporatiean with
hydreflueric acid.
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It was found that when the colliery dust was ashed prior to the
fusion step, which decreased losses due to spurting of the melt, a
reproducibility of within - 0.5% in the silica content was obiainable.
Each estimation was carried out in duplicate and the results of this
survey are reported in the final section ef the thesis.

King's semi-micro gravimetric method was both reliable gnd
reasonably sccurate, having en estimated asccurecy of about X 1%, when
applied to the dstermination of the total silica comntents of airborae
colliery dusts, but it was also, however, both rather expensive of
dust, about 0,5 g« of dust being required for an accurate duplicate
analysis, and rather time~consuming, sbout 12 man-hours being required
for the duplicate determination.

Colorimetric Estimation

An otteupt was therefore made t0 analyse three airborne coal
dust samples (B.K.G., JeKe7e and 3.K.8) using a rapid colorimetric
method which would be economical in dust. An adaptation of the
nolybdenum- blue method used by Clelland (46), described below, was
enplcyed. |

The follewing solutions were made up 3~

(a) Standerd Silica Solution

40;0'392.3. of commercial sodium silicofluoride was dissolved in
distklled water and the solution was made up to 500 ml. and stored
in a pelythene bottle. This solution was equivalent to a selution
of 0,025 go silica in 1 litre of distilled water, taking a purity
factor of 99% for the sodium silicefluoride,

(b) 5% Ammonium Molybdate. Solution

Hinaler" ammonium molybdate.- (6 g«) Was dissolved in a little
distilled water. The solution was then filtered through a Whatman's
Nos 542 paper &nd made up to 100 ml. 6N sulphuric ecid (20 mnl.) was
then slowly added to the solutiom with constant stirring.
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(d) Reducing Selutioen

"Analar" sedium sulphite (60 g.) and "Analar" hydrequinene (10 gz.)
were dissolved in distilled water and the selutien was made up to
500 ml, with distilled water.

The intensity of the blue celeour preduced when using this methed
was measured by an E,E.L, celerimeter using a red filter (Ilford
No. 608). The colorimeter was calibrated as follows. Solutiens
containing 25 ml. ef berate buffer and 1,2,3,4,5,6,7,8,9, and 10 ml.
of standard silice selution were placed in cellulese acetate
("Lustereid") tubes and made up to 43 ml. with distilled watere.

5% ammenium molybdate- (2 ml.) was added to each tube, the solution
was stirred for 30 seconds and the yellow coleur zllowed teo develep
for five minutes, Reducing solutien (5 ml.) was added and the
solutien stirred for 30 seconds. The blue colour was allowed te
develep for 30 minutes and its intensity was then measured by the

colorimeter.

A calibration graph of colorimeter reading against silieca
concentration was then pletted, in which comcentratiens of silica

were expressed s mge silica/50 ml. of total solution.

The total silica contents ef the airborne colliery dusts were
then estimated as follows. About 0.02 g. of dust was weighed out
accurately inte a platinum crucible, ashed, and intimately mixed
with Ou45 go of sodium berate and 2.79 g. of boric acid ( & 250 ml.
of borate buffer solution). The whole was heated, gently at first
te drive off water of crystallisatien and then vigerously umtil
fusion was complete. Before coeling the crueible was tilted te
allew the mixture to spread up the sides im order to facilitate
getting the mass inte solution. The crucible was then coeled and
the contents were taken inte solution by gently heating the cruecible
containing warm distilled water on the water bath. The contents
were then filtered into a 250 ml. graduated flask and the extractions
repeated until the fused mass was completely im solutien. After
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washing the filter fumnel with warm water, the solution in the flask

was allowed te cool and then made up to the mark.

Portions of this solution were noew tested for irom and phosphate
(45) but these were found to be sbsent in every case. Thus, while
a number of inerganic anions and cations interfere with the
molybdennm blue colour reaetien (47), few of these are left in a

water seluble form af‘ter a borate fusion.

A few ml. of the test solutieon was thenrn measured inte a "Lusteroid"®
test tube containing 25 ml. of borate buffer solution, made up to 43 ml.
with distilled water and the molybdenum. blue colour was developed and
its intensity measured using the .E.E.L. colorimeter as described above,
The silica content of the solution was then found using the calibration
graph and thence the silica content of the dust under analysis was
caloculated, The volume of test solutien taken depended om the silica

gontent of the dust and was sdjusted to give a concentration of 0.1 te
OCe2 mge Si 02/50 ml, in the finsl solutien,

The acouracy of a celerimetric methed very similar te that
described above has been shown to be = 1,75% {48). In contrast with
the gravimetric method, which requires about 0.5 go of dust and 12
hours for a duplicate determination, the colorimetric methed described
above can be successfully conducted or enly 0,02 g. of dust and enly

about four man-hours are required for the duplicete determinatien.

Comparisen of Methods

The results obtained using both the above colorimetric methed and
King's semi=-micre grevimetric technique on three airberme colliery dust

samples are given ir Table 18,
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Table 18

Comparison of Methods for the Estimation of Total Silica
- in Airborne Coel Mine Dusts -

Babiraman Estimated Total Silica Content (%)
Semple Reference - Gravimebtrlie | Colorimetric
B3R | 9.8 11.1

The results given in Table 18 show agreement within the limits of
accuracy of the methods employed, although the predominantly higher
values for the total silica contents of the dusts given by the
colorimetric method may have been duc to the fact that the purity
factor taken for the "technical" grede sodium gilicofluoride used

in calibration was toe high., However agreement is sufficiently good
to show that the golerimetric method described above is a fairly
accurate meang of estimating the total silica content of airborne
colliery dustss TFurther, since it involves less time and requires
less dust than the grevimetric technique, it is to be preferred in
investigations into the silicesis hazard of airborne colliery dust,

as in this type of work large sempling errors are involved and much

time is required in order to collect a small amount of dust underground.
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ESTIMATION OF THE CARECN AND CARBONATE CONTENTS OF DUSTS

Introduction

In many coal mines pulverised limestone is used when rock-

dusting to allay the danger of coal-dust explosions,

It was

therefore interesting to discover whether large gquantities of this

limestone dust were normally entrained from the roadways so that

the typical airborne dust in the colliery contained a substantial

proportion of limestone,

Consequently the carbon and carbonate

contents of two typical airborne colliery dusts were determined

using established methods of fuel analysis, in order o discover

whether these dusts contained significant quantities of limestone,

Results

The carbon contents of both samples were determined by high

temperature combustion in a stream of pure oxygen, followed by

absorption and weighing of the carbon dioxide formed, while the

carbonate contents were determined by the voluneteric method of

Sinnatt and Harrison (49).

The results of these determinations

together with the total silioca contents of the two samples employed

are given in Table 19,

TABLE 19,

Carbon and Carbenaste Contents of Dusts

Sample Ash (5 Carbon (%) | Carbonate (%) | Total Silica (%)

C. 4. 52,9 3,7 1.1 25.6

3.X.5. 28,0 48,2 0.k 13,1
Conclusions

Since it could be calculated from the results of the combustion

determinations that, on the dry ash free basis, sample C,4, contained

81.1% carbon and 5,2% hydrogen while sample 3,K,5, contained 67,35

carbon and 4, 3% hydrogen and since the carbonate contents of these
semples are only respectively 1.1 and O.4%, it is cbvious that the

dusts consist essentially of coal particles with mineral silicates as
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dilluent and that only a very small proportion of limestone or other

mineral carbonates are present,

- RESULTS AND CONCLUSIONS
Results

(a) Pilot Samples

Ten pilot saunples were first obtained from nine different

Scottish pits, by continuous collection underground over a period

of days. The sources, times of collection and weights of these
sauples are given in Table 20, while the results of their analyses

are yeported in Table 29, Only one of the samples obtained (E.F,T,)
was in any way suspect, This sanple contained pieces of coal well
over 1 cu, in size, which were reputedly due to shotfiring, and
therefore only the portiocn of the sample passing a 200 mesh B,S, sieve
was subjected to anslysis, However the facts that an unusually high
proportion of fine material of less than 14 in size and that an
unusually high proportion of silicate material were present in the
sample, as seen in Tgble 21, tend to confirm that the large pieces of
c¢oal found in the sample did indeed originate frum shots being fired in

the immediate vicinity of the collector,

The figures reported ih Table 21 as Milass % <54 were determined
frow particle size analysis of the re-dispersed dust under the Vickers
Microscope using a 4 mm, objective as no comprehensive thermal pre-
cipitator surveys were carried out during the collection of these pilot
samples, The figures repbrted as Mlass % < 14" were also determined
by examination of the siwilarly redispersed dust under the electron
microscope using & magnification of 2,600 X and therefore both of these

figures will contain a considerable error due to presence of agglomerates,

The electron diffraction patterns obtained appear merely to show
that a degree of surface crystallinity was present in the samples and
it would appear, mrticularly in the case of semple E,F,4,, that

-

diffraction patterns were obtained not only from the quartz content of



the dust, but also fran various silicate minerals present in the dust,

Since workers would not normally be continuously exposed to the
airborne dust of the cclliery but would work in a series of successive
shifts the purpose of these pilol samples was to estimate the spread
of resulls likely to be obtained in these investigations, rathexr than
to estimate the health hazard of the dust to workers exposed to its
effects. It will be seen that both the particle size distribution
and the silica ciuntents, with the possible exception of sanple E,F,1,
are of the same order for all the samples, Further, where the free
silica content of the dust is seen to inerease above the average value
for the samples this is generally accompanied by a similar increase in
the total silica content of the dust,

It is also seen that there is good agreement, at least in a
qualitative sense, between the results obtained using the optical

microscope and those cbtained using the electron microscope,

It may be noted also that the two samples collected continuously
in the same section of the same pit in fairly close succession
(3.K.1., and 3.K.2.) are very similar both in particle size distribution
and in cheuicsl composition, This appears to indicate that the average
dust composition at one point in a particular pit does not nommally
alter rapidly.

(b) Shift Samples

In order that the typical dust to which various workers would

normally be exposed could be exemined, samples. collected entirely during

one of the three shifts (cutting, stripping and brushing) were obtained

fram Cardowan No, 1 Colliery and from Kingshill No, 3 Colliery, These
samples were collected in the return airway in order to estimate the health ..
hazard to face-workers but, in addition, one sample was collected
continuously in the intake airway in Cardowan No, 1 Colliery during
collection of the shift samples in order to estimate the health hazard

to workers in this airway,
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TAELE 20

Sample

Source and Dates Collegted

Weight (g.)

3.K.1,

Kingshill No. 3 Colliery, Shotts, at
No. 7 1iid Goal Section, from 20/2/56
to 25/2/56

2,0

C.1i,

Cardowan Colliery in Right Return
Airway at No, 2 East Section; fram

25/2/56 to 2/3/56

13.2

s.K.2.

Kingshill No, 3 Colliery, Shotts at
No, 7 Mid Coal Section; fram 12/3/56
to 17/3/56

1.0 -

1.K.1 -

Kingshill No, 1 Colliery, Shotts, at
Section 4, West B; from 15/3/56 to
17/3/56 and from 19/3/56 to 29/3/56

0.7

L., V.1,

Lady Victoria Colliery, Newtongrange,
in Return Roadway of Newbattle No, &
Section, Sample collected for one
week ending 28/3/56

3.6

P,1.

Plean Main Coal, Alloa Area, at
Peeler Section; Collector ran for
5 days ending 18/4/56

16,0

E‘Fo‘] *

This sample was collected somewhere
in the East Fife Area and contained
pleces over 1 cm, in size, It was
therefore suspected, Times of
gollection unknown

5.5

Ml.1,

Mauchline Colliery, West Ayr Area;
collector ran for five days ending

20/4/ 56

2.0

V.i.

Valleyfield Colliery, Dunfexmline, at
Dunflermline Splint Section; collector
ran for five days ending 23/4/56

0.7

Lugar Works, Cumnock, Ayrshire, Times
of collection unknown

1.0
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‘ <0
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<14
M1, 0.7 39.2 Mainly 1 - 1048 Very | 61.4 [12.7 30.7 F
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V.4. 0.2 13.8 Mainly very large 1 - 19,5 1 2.7 7.6 Fa
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usual < 3.4, ie:
gr
&
L.1 0.2 20.8 Largely 1 - 104t with a | 29.4 | 4.7 16,0 Fa
few particles of about er
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hex
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# Indicates suspect sample. Only the fraction passing a 200 me
B,S, sieve (<200-4) was subjected to the rocesses of analy
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The sources of the Cardowan shift samples are given in Table 22
together with the mean dust concentrations existing during their coll-
ection and their individual weights, The results of analysis of these
samples are given in Table 23, The results of the shift sampling
investigation in Kingshill No, 3 Colliery are given, in similar fashion,
in Tables 24 and 25,

A comprehensive thermal precipitator survey was carried out in
both pits during collection of the above samples, The figures quoted
for "Mass % < 5" in Tables 24 and 25 were therefore obtained using
theruwal precipitator slides selected to be representative of the mean
dust concentrations during collection and perfoming particle size
analysis under the Vickers microscope using a 4 mm, objective, The
Mass % < 1-a" figures were calculated from the wean dust concentration
figures, supplied by the National Coal Board and given in Tables 22
and 24, together with the results of the corresponding particle size
analysis obtained using the Vickers microscope, In this way advantage
was teken of the higher resolution of the Beck instrument employed by
the National Coal Board in their routine dust counts, The figures
given for "ilass % < 1-M" and “iuass %« 548" should therefore be free
fran dispersion error and substantially free from sampling error,
although sane error may occur in the fommer figure due to the limits

set by the ultimate resolution of the optical microscope,

The specific surface values reported in Tables 23 and 25 were
obtained by the low temperature nitrogen adsorption method using
either liquid oxygen or liquid nitrogen as coolamt, The figures
reported in Tabkle 23 were obteined using liquid oxygen in the cold
bath and these figures may well be in considerable error due to the
limitation place upon the relative pressure obtainable in the glass
apparatus employed. The specific surface values obtained for the
Kingshill shift samples were however deteruined using liquid nitrogen
as coolant which reduced the experimental error to a more acceptable

level,
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Censiderable difficulty was again experienced in interpreting the
significance of the electron diffraction results, but good qualitative
agreement was again noted between the results of the examinations under

the electron microscope and under the optical microscope,

It will be noted that the particle size distributions and silica
contents of the samples are again all of the same order, 21though minor
changes do occur fraw pit to pit and from shift to shift, It will be
seen on examination of the results obtained frow the sample collected
in the intake alrwsy, where the mean dust concentration is lower, that
many of the larger particles of coal dust gppear to have settled cut
leaving a rather higher proportion than usual of fine particles, In
addition, however, a nunber of fairly large particles have also become
airborne and these probably originated fron low energy sources such as

may have been created by repair work in the intake roadway,

At a considerably later date a further series of shift samples
was obtained from Kingshill No, 3 Colliery and the sources, weights
and the results of the analysis of these samples are given in Tables
26 and 27. These samples were obtained with the main object of
developing more rapid methods of chemical analysis, but the results
cbtained by the standard methods of gravimetric estimation used
throughout the remainder of the work are reported in Table 27 in order
to avoid confusion due to variations between results obtained by

different methods of estimation,

Comprehensive thermal precipitator data for the period of
operation of the collectors were not availatle in the cas® of the
second series of shift samples, Consequently the "Massz( 5-ut figures
reported in Table 27 were calculated from particle size analysis of the
redispersed dust, while the Mass7Zj<1-u" figures were caloulated fram
the mean dust concentrations given in Table 26, in the Sections in

which the dusts were collected together.



Weights and Sourceg of Shift Samples from Cardowan

79

TAELE 22

Samples were collected over six working days in Cardowan No, 1
Colliery at No, 3 East Section,

continuously

(1 - 5.:) 123

Sample | Source & Time of Mean Dust Concentration Weight
Collection (PePecoc.) (g)
c.2, In Return Road (0,5 - 5a) 981 2,2
during Cutting (1 - 5-u) 286
Shift
c.3. In Return Road (0.5 - 5.48) 585 5.5
during Stripping (1 = 5.4) 2L
Shift _
I
Cole. In Return Road (0.5 - 54) 1225 1.7
during Brushing (1 = 5.a) 568
Shift
c.5. In Intake Road (0.5 - 5.4) 626 1.4
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Table 24

Weights &nd Sofirces of First Series of Shift Samples from Kingshill

All the samples were collected by means of five H«J scmplers

eperating simultaneously in Kingshill No. 3 Colliery.

The samples
were collected consecutlvély using the same five collectors in the
Return Road of No. 7 Mid Coal Section. |

- Sample Tine of Collection Mean Dust Concentration | Weight
(pepec.c.) (&.)
' 3.K.3 During four con- (05 = 5.1) - 33% 12
secutive Cutting {1 - 5.a) 165,
Shifts
3XK.: | During four con- (0.5 = 5.} - B2 2.5
secutive Stripping (1 - 5.u) 381 '
Shifts
3Ke5 During three con=- {0.5 « 5.a) 512 2.5
secutive Brushing (1 - 5.a) 072

Shifts
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Table 26

Weishts and Sources of Second Series of Shift Samples ffom Kingshill

The samples were ¢btained using three collectors operating simultaneously

in Kingshill No. 3 Colliery at Nos. 2 and 3 South Sections for the periods

indicated.
Samol Source & Times of Mean Dust Concentretions Weight
ample Collection (p-p.c.o.) (g.)

3.XK.6 Collected during (0s5 = 5.2) 632 375
Cutting Shift ovef (1 = 5.u) 297
3% working shifts

3.Ke7 Collected during (0e5 = 5.um) 311 5e5
8tripping Shift (1 - 5.) 99 -
over 10 working
shifts

3.K48 Collected during 50.5 - 54) L3 4495
Brushing Shift 1 = 5.u) 268

ever 15 working
shifts
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with the appropriate particle size analyses., Both sets of figures are
therefore subject to a considerable error due to incomplete dispersien
of the dust.

The values given for the specific surfaces of the dust sanples in
Table 27 were obtained by three different methods, Firstly by |
calculation from the results of optical analysis of the redispersed
dusts, secondly by duplicate determinations using the air permeability
method &f Lea and Nurse and, finally, by duplicate determinations using
the low temperature nitrogen adsorption (B.E.T.) method empleying liquid
nitrogen in the cold bath. It will be rioted that, whereas the results
cbtained using the air permeability method agree as to the relative size
of the samples with the results obtained using the microscopic method, such
ggreeuent is not shown by the results of the B.E.T. determinations, It
would appear therefore that the low temperature nitrogen adsorption method
measures & specific surface value which is less dependent upon particle
size than the value determined by an air permnesbility method.

The silics ocontents of the dusts are of the same order as before
and where, in sample 3.K.8., the frec silica content rises above the
average value for airborne colliery dusts, this increase in free silica
content is largely counteracted by a corrésponding increase in the total
silica content of the dust.

A comparison ef the average ash contents and silica contents of
shift samples, averaged on the basis of the weights of such samples
which would be collected over an equal time interval, and the chemical
compositien of corresponding continuously cellected samples are given
in Table 28,
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Table 28

Comparisen of Cerresponding Shift and Integrated Samples

- Ash- Tree Silica Total Silica

Sample | (g ) T

-Aféfagc'valﬁcs for Cardowsn | . . . '
Shift Samples 39+2 54 18.8

| o

Average of 2.K.1 and 3.2 | 3u | hed 1541

Avéragc Values for First '
Series of Shift Samples 2942 346 13.8
from Kingshill

Average Values for Second
Series of Shift Samples 357 58 18.4
from Kingshill

The results obtained appear to shew that, while the dust composition
nay alter considerably from shift to shift, the average dust composition
at eny point in a2 glven colliery remains fairly constant over considerable
periods of time. Since the second series of shift samples obtained from
Kingshill No. 3 €olliery were obtained after a considerable lapse of time
from a different section of the colliery, it is not surprising that the
average values obtained from fhis series of samples agree less closély
with the values for the corresponding intcgrated samples than do the
average values obtained from the first series of shift samples whiéh
were obtained shortly after the integrated samples in the sime sectien
of the colliery
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LConclusions

The results obtained are not sufficiently numerous to be
statistically significant. They do however sc;ve to ‘show that the
average free silica content of airborne cclliery dust is low, exceeding
10% of the total in the case of only one (K.1) of the twenty samples
exanined.s Purther, where & dust has an unusuwally high free silica
content & correspondingly high total silica content iz generally found,
s0 that the pathogeniec effect of the fres silica is reduceds. From this
point of view little justification has been found for the theory that

coal miners! pneumoconicsis is a modified form of silicosis.

These investigations have also shown that if it is intended to carry
out an extensive programme of dust sampling from which a statistical
sufvcy could be made it 1s very advisable to restrict the tests carried
out on the dust sanples obtained underground to those which can be
carried out in a fairly short period of time using only a2 small quantity
of dust., In this way beth the sampling time underground and the time
spent in testing in the laboratory may be reduced and results which bear
statistical significance may be obtained in a shorter period of time.
inile methods are given in the main body of the work whereby the free
silica and totsl silica contents of airborne colliery dust samples may
be determined with sufficient acouracy in a reasongble period of time
using only small quantities of dust, no alternative has been found by
the writer to the method of conducting @n accurate thernmal precipitator
monitoring of the collection point followed by microscopic analysis, 23
& means of accurately determining the particle size distributién of the
airborne ceolliery dust, This provides another strong reason for limiting
the gampling time underground and applying only tests which requireu a very
small quantity of dust,

In view of the fact, however, that &ll of the colliery dust samples
obtained consisted predominantly of coal macerals, 28 might be expected,

much mare fruitful results might well be obtained by examining these
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constituents of alrborne colliery dusts than by a prolenged statistical

survey of mineral or siliceous constituents of the dusts.

Sugpestions for Future Work

In any future sur#cy dcsigncd to associate the incidence of coal
ninerts pneumoconiosis with the silicosis hazard of the airborne collisry
dust causing the disorder, the wiriter suggests that only the following
fairly rapid tests should be applied.

(a) Particle-size analysis. This may be carried out by means of =
detailed examinatlion under 2 suitable opticai nicroscope of & small
nunber of thermal precipitator slides selected to be representative

of the mean dust concentration during collection. It is, of course,
a2ls¢ necessary te carry eut & preliminary count upen all the slides
obtained from the thermel precipitator survey carried out while the
collector is in operation. This test is consequently tims consuming and
nay require sbout 20 man-hours for the evérage sample.

(b) Free~Silica Content. This may be determined either by the x~ray
diffraction technique developed by Nagelschmidt (24) or by the irfra-red
spectroscopic method described in the text of this thesis after the
necessary confirmation and, possibly development of the method has been
carried eut. If the spectroscepic methed is employed about 0.5 g. of
dust and four man-hours will be required for the duplicate determination.
(c) Total-Silica Content. This may be determined by the melybdenunm
blue celorimetric method described in the texts If this methed is
employed approximately 0.02 g» of dust and foeur man-hours will be

required for the duplicate determination.

Thus, if two workers Were allocated to test (&) and one worker was
allocated to tests (b) and (¢), this means that a group of three workers,
in a suitable laboratory operating a 35 hour weck, could complete
approximately 15 samples per momth or 180 samples per annum. This
annual total represents about the minimum number of samples from which
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a statistical survey could be nade and in such a survey parameters
derived from the results of the three tests above to represent the
silicosis hazard of the dusts collected could be compared with incidence
figures Qderived from the available certificaticn records of the pits

from which the samples were obtained.

Approximately 0475 ge of sirborne colliery dust would be reguired
te carry out tests (b) and (c¢) end an average collection period of
approximately forty hours would probably be required underground to
collect this quantity of dust. Thus four samplers would be required
to devote their time completely to the tasks of cellecting the dust
samples undergreund and carrying out & cemplete thermal precipitator

survey on the airberne dust cleuds from which the samples were collected.

It is therefore apparent that & considerable expenditure of labour
will be reqguired both in the laboratory and underground before a
statistical correlation of the silicesis hazard of airborne colliery
dusts and the incidence of coeal miners'! pmeumoconiosis may be attempted.
This is the case even when labour-saving methods of analysis using small

quantities of dust are employed.

In the writer's opinien some work should alse be done in attempting
te correlate the proportions of the various coal macerals present in the
airborme colliery dust with the incidence of pulmonary disease, perhaps
along the lires suggested by Evans (3). Since coal forms the xajor
part of 21l colliery dusts it seems legical that attention sheould be
directed towards this constituent. Such an investigation would require
the collection of large quantities of airborne dust, at least in the
initial stages until methods of analysis had been develeped, but, at
least in the preliminary stages, it is probable that such facters as
particle sige distributier could be safely neglected.
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APPENDIX A

The Estirmotion of Free Silica in Airberne Dusts

The Shaw-Skinner Semi-Micro Methed (27)

Reagents

I-Iydrochloric goid dilute 2.5% by volume. 2.5 ml. of conc. '
acid are diluted to 100 ml. with
distilled water

Hydrochloric acid, dilute 5% by volume. 5 nl. of conc. acid
are diluted to 100 ml, with distilled
water

gulphuric acid, dilute 25% by volume 25 ml, of conc. acid
are diluted to 100 ml,., with distilled
water.

Sulphuric acid, dilute 107 by volume. 10ml. of cemc, acid
are diluted to 100ml., with distilled
water

Lunge Solutien 37 ge ef anhydrous sodium carbonate
and 10 g. of caustic soda are dissolved
in distilled water and diluted to a
volume of 1,000 ml, and stored in
& waxed glass or preferably, plastic
bottle,

Hydreflueric acid 0% aecid

Method

0,15 g. of the sample, after drying at 105° C, for at least 1 hour,
is heated to boiling with 9 ml. of 2,5% hydrochloric acid ir a 50 nl.
platinum basgin, covered with a watch glass, preferably of resistance
glass (Pyrex or Hysil)e A 3 in. (7.5 cm.) porcelain dish may be used
provided the glaze is in good conditien. This treatment is to remove -
any carbonates. After alleowing the dish to cool, the liquid was decanted
down & glass rod inte a 15 ml. centrifuge tube which is centrifuged for
15 minutes at 3,000 r.p.me The clear supernatent liquid is drawn off
through a tube whibh has been drawn out te a capillary, the end being
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turned up to avoid disturbing the sediment in the tube. (With care,

the liquid may be decanted off down & rod, since the sediment is tightly
packed). The solid matter is then washed back into the dish with the
minimum amount of water, and the dish 1s placed on the boiling water
bath and the contents evaporated to dryness. After cooling, 6 ml. of
25% sulphuric acid are added and the uncovered dish is heated until
funes are just visible. This operation should take about 45 minutes
and the temperature of the contents of the dish should not exceed

20000 at any time. There are several ways of doing this, e.gs & sand
bath, the temperature of which has been carefully adjusted in a parallel
experiment beforehand, or, & method which has been in use for some tims
is to support the dish on a perforated plate and then blow air at a
temperature of 180 = 20006 upwards through the plate.

After treatment with sulphuric acid, the dish is allowed to gool
and then 30 nls, of water are added, the liquid stirred and centrifuged
as above, the tubes will have to be filled two or three times. The
residue is then washed back into the dish,'the liquid evaporated to
dryness, and the sulphuric acid treatment is repeated. TVhen all the
liquid has been transferred to the centrifuge tube the dish and its
contents are washed with 5 ml. of water, which is then centrifuged.

The purpose of this wash is to remove a3 much s possible of the
_sulphuric aecid and thus reduce the amount of Lunge solution needed in
the next stage of the work. After the wash ligquid has been centrifuged
and discarded the residue is returned to the dish and the liquid
evaporated to dryness. To the dry residue is then added 1 drop of
methyl red indicaetor, followed by Iunge solution drop by drop until
the indicator changes colour. The dish should be covered during this
operation since loss can occur due to effervescence. After
neutralisation, 9 ml. of Iunge solution are added i excess and the
covered dish is heated until the liquid boils. After coollng, the
supernatant liquid is centrifuged, the clear liquid discarded, and the
residue is washed back into the dish and evaporated to dryness.
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15 wl. of conc. hydrochloric acid are then added to the covered dish,
and the dish iz heated until its contents have boiled for 5 minutes, and
after cooling, the contents of the dish are diluted with 15 ml. of
water, which can with advantage be used for washing the cover glass.
The liquid is then decanted, cenirifuged, the residue returned to
the dish, and af'ter evaporation to dryneés, the residue is again
neutralised with Lunge solution. When neutral, 4+5 ml. of Lunge
solution are added and the contents of the dish are heated to boiling
and after ocoling, the liguid is decanted, centrifuged, and the
residue washed back into the dish., After evaporation to dryness the
residue is trested with 6 ml. of conc. hydrochloric acid and boiled
for 5 minutes. When cold, 6 ml. of water is added and the liquid
filtered through s swall (7 cm.) No. 540 Vhatman paper. The residue
in the dish is washed twice with 5% hydrochloric acid thi washings
being added to the paper then the solid matter in the dish is
completely transferred to the paper with the aid of a jet of water,
the dish being cleaned finally either with a small rubber "policeman",
or better with a small piece of cotton-wool twisted round the end of
a glass rod. The ootton=~wool can be detached eausily from the rod
and added to the paper. On ignition it leaves no weighable residue.
The paper is washed four times with water and alliowed to drain. It
is then transferred to a Weighed platinum crucible, which is covered
with its 1id and heated in an oven &t 105°C. until the paper is dry.
The covered erucible is then placed in the front of a muffle furnace
which is heated to 800°C. at its centre for 10 minutes when it is
moved to the centre of the furnace and ignited to constant weight
(Residue A)., The ignited residue is finally treated with 6 drops

of 10% sulphuric acid and 5 ml. of 40% hydrofluoric acid and treated
on a boiling water bath until all the volatile matter has gone. The
crucible is then heated on a hot plate until all the redisusl
sulphuric acid hes fumed off, whan the crucible is agein ignited at
800°C, to constant weight.
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Calculation

The residue (A) remalning after the ignition following the last
hydrochloric acid treatment consists of the free silics 2nd some
undecomposed silicates, which are assumed to be potash felspar;

The loss in weight caused by the hydrofluoric acild treatment is due

to the volatilisation of the free silica and the silica combined in
these silicates, The final residue therefore consists of the non-
siliceous portion end after ignition is in the form of alumina. n
the macro scale it would be possible to estimate this and obtain a
figure for the amount of felspar actually present. On the semi-misro
scale however this is not possible, but the amount of alumina multiplied
by 2401 gives a very close estimate of the amount of felspar.

The calculation therefore is as follows g-

I* A is the weight of total residue and B is the welght of residue
remaining after the hydrofluoric acid treatment, then the percentage
of free silica present in the material is equal to (4 - 2,01 B) 100/wt.
of material taken, To correct for loss of gquartz by solution in
alkali the final figure is multiplied by 100/92.

i.e. (A o 2.01 B) | X 10806
Wte of mat. taken

Hotes

It must be borne in mind that this method, as do all the chemical
methods for the determination of free silica, consists of a series of
operations designed to remove from the materisl under examination all
miﬁérals exoept the quartz, and, as already stated the attack of the
rcagenté on the quartz is corrected fors Therefore to obtain reliable
results the conditions must be reproducible and this can only'be‘donc
if strengths of reagents, quantities, times of heating ctcs are 2all
strictly controlled.
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Boiling

. The liquid in the dishes was considered to be boiling when drops
began to condense on, and fall from the watch glass. This is especially
lmportant in the conc. hydrochloric acid treatments. Considerable
bubbling, due to liberation of carbon dioxlide cccurred on immediate
heating, but after about 1 minute the liquid became still and proper
boiling began after shout another minute. Prolonged boiling was always

avoided.

Intcfrupticn

" The whols cycle of operations cannot be finished in one day, so
that when work had to be stopped; care was taken that the residues in
the dishes were left in the dry state.

Mechanical Losses

In such a long series of operations as those described, mechanical
losses can be very high. Dishes were kept covered as much as possible
and great cere was teken to see that decantations were done cleanly..’
Washing the residues back into the dishes from the centrifuge tubes

also reguired care.

Reagents

.. . Volumes were measured carefully with a graduated pipette for those
less than 10 ml, and & narrow diameter measuring cylinder for the othc_:;:s.
The 4O% hydrofluoric acid was measured in a plastic cylinder.

Tfie basins were heated for the boiling operations on & sand bathjy
but for evaporation 2 boiling water bath was used.
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The Estimation of Total Silica in Airborne Dusts
‘The King Semi=-iicro Method (L5)

Method

An amount of dry airborne dust is teken which ﬁay be expected to
yileld 5 =~ 50 mg. silica and carefully weighed in a platinum crucible
of 10 » 20 ml. capacity. The dust is then ashed at-750°C for one howr
in & muffle furance and the ash, after cooling is intimately mixed with

“four™ times its weight of sodium carbonate. The mixture is carefully
"smoked off" and heating continued until a clear liquid melt i1s obtained.
The cooled contents of the crucible are dissolved in water on the steam
baths Conc. hydrochloric ecid is oarcfﬁlly added until the mixture 1s

zcid to mcthyl orange, and 3 or 4 ml, extraadded. The mixture is
cvaporatcd to dryncsa on the steam bath, and heated for one hour at
105 C in the oven to dehydrate the silica. The residue is moistened
with a few drops of water and hydrochloric acid, and agasin heated for
one hour at 10500.

The dehydrated silics is separated from the other constituents of
the residue by bringing the latter into sd6lution with dilute hydrochloric
acid. The residue is moistened with conc. hydrochloric acid and the
crucible three—quarters filled with water. The mixture is warmed on the
steanm bath and stirred with a glass rod. When sclution appears to be
conplete, the crucible is removed from the bath and allowed to stand
for a few minutes for the silice preoipitatg'to settle. |

Filtration of the silica is accomplished without removing it from
the crucible by means of & filter stick. In this way it is possible
to complete all the operstions involved in the analysis in the original
vessel without traensferring the precipitate. This makes for greater
acouracy in the method by avoiding the possibilities of error involved
in transferénce. Filtration by sucking off the filtrate and washing is,
moreover, faster than filtration by gravity. As a flltering medium,



AT 2T

S AT

9%.

filter paper pulp shaken up with water, or powdered anthracene is suitable.
The latter is easily eliminated by mild heating, whereas paper must be
destroyed By ignition. The filtering medium is packed tightly into the
cavity formed at the flared end of the filtering apparatus. A piece of
fine rubber suction tubing connects the filter stick to a small suctlon
flask, Suction is applied by mouth to & piece of rubber tubiﬁg

oarrying a pinchcock attached to the side arm of the flask.

The filter stick is held so that its filtering surface is just below
the level of the liquid in the crucible, and the filtrate sucked off under
mild suction. The crucible is filled again with warm dil. HC1 and the
precipitate stirred; allowed to settle, and the supernatant agein sucked
offe Washing is repeated once with dil, HC1 and twice with water. The
precipitate is finally sucked dry in the bottam of the crucible,

The plug of filtering medium is dropped out of the filtering apparatus
into the crucible by pushing the inner tube of the apparatus (the filter
stick) @ few mm. through fhc rubber collar which attaches it to the ocuter
tube or Jacket., Particles of silica adhering to the glass are washed
into the orucible and_any liquid in the crucible is now evaporated on the
water bathe The crucible is dried in an oven, ignited at 750.G for one
hour in a muffle furnace, cooled in a disiccator and weighed. HF(5 ml.)
is added and & few drops of H,80 » It is then ignited, cooled and

4
weighed. The loss in weight on treatment with HF is taken as the

weicht of silica.
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APPENDIX B

NOTES ON THE PATHOGENSIS OF PNEUMOCONIOSIS

Effect of Dust on the Human Respiratory Tract

o ﬁndefétahd'the'pathogeﬁééis of silicosis it is necessary first
to appreciate the effect upon the human respiratory tract of inhaled
dust laden air. The air breathed by man travels evenfually to the
lungs which are non~symmetrical organs, encased in the chest, permitting
interchange of gas between the blood and the externgl air. They
communicate with the nose and mouth through the trachez, or windpipe,
and are mere or less exposed to the action of atmospheric impurities,

both particulate and gaseous.

Certain mechanisms do however exist {0 protect the lungs from
accumulation of such foreign matter. The nose is guerded by a coerse
filter of hair through which inspired air is drawn into the trachea and

particles of 15 to 254 are likely tc be retained here. Behind this is

a zeries of tortuous passages with moist walls which trap many smaller
particlca; Thus many particles greater than 54 in size travel no

" further than the nasal passages or the back of the throat. Inspired air
- from the nose and mouth travels through the pharynx and trachea, the

latter being about 1 to 2 cm. in diameter and 10 cms longs The trachea
branches into bronchi, which in turn branch into narrower bronchioles
leading finally to the terminal alveoli, or air sacs, which compose the
lung. Alir is drawn into and expressed from the lung partly by the
movement af the diaphragm and partly by movement of the rib-oage or

thorax.

Particles which pass into the upper respiratory tract may be
arrested in a viscous mucous layer which covers the surface of the
pharynx, trachea and bronchl. This viscous layer is in fgct a film
af nmucus covering a lower non-viscous serous layer in which beat minute
vibratory hairs er eiliga, ocausing the upper layer to move slowly toward
the mouth, from which the foreign matter may be either expectorated or'
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swailowed. - This mechanism is adequately described in a paper by
Policard (50).

Particles that succeed in passing these barriers and penetrate %o
the termingl aix; spaces of the lung may adhere %0 the alveolar walls,
The presence of the particle in this environment generally causes
sufficient irritation (51) to lead to hypertrophy end hyperplasia sf
the cells of the alveolar tissue. This leads to the production of g .
different type of cell, kmown as a phagocyte, which may ingest the
minerald particle. This cell is capable of smoeboid motion, owing to
flowing of its ovn oytoplasm, and it may therefore move slowly through
the alveolar ducts and bronchicles to the bronchl and hence as before.
Another route is, however, open to such "dust~cells", as phagooytes
containing dust particles are known; they may travel into the
connective tissue spaces of the bronchiolar sheath to a special drainage
system known &8 the lymphatics. Lymphatio spaces and vessels are very
numerous in the lung, espeocially in the connective tissue sheaths of the
bronchi and arteries, in the interlobular walls, and under the pleura.
In the normal lung the dust-cells are swept away in the lymphatic
vessels by the flow of the lymph and finally come to rest in & number of
sedimenting basing known as the lyinph nodes.

One factor, however, has not been considered in the foregoing
sunnary of the defences of the respiratory tract against dust, and that
is the percentage of dust which is exhaled. It is possible that the
theory of probability could be applied te detédrmine the guantity of dust
which escapes contact with the bronghial tree, but at present there is
ne information on this. However, it is obvious that small particles of
colleoid dimensions will easily escape in the exhaled air.

It will be seen that under normal conditions the human lung
'po.s_seases a very efficient mechanism for ridding itself of inhaled dust,
and dust is expellied from the healthy lung either by the respiratory
tract or the lymphatics. This mechanism, however, is eaﬁi}y upset, and
slight &lteration8 in the conditien ef the ciliated epithelium er the
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circulation of lymph are suffisient to interfere with it, for example
irritation of the goblet cells of the brochial epithelium can lead te

an undue production of mucus which then envelopes the ¢ilia and prevents
their beating, or mechanical demage to the lymph channels, or infection
nay produce stasis of the lymph. 1In this condition a second mechanisnm
comes into play and the dust entering the lung is fixed, agglomerated,

and rendered harmless by the protein residue remaining after autclysis

of the dust cell, This, however, iz not a rezl cleansing process and
the presence of the dust mechanically impairs the ﬂmcti‘on‘ of the arteriel
sheaths by obstrusting the flow of lymphk and producing stesis. Thus this
mechaenism is protective at first, but later, when there is & considerable
accumulation of dust, pneumoconiosis begins, which is essentially &
disease due to the mechanieal presence of large amocunts of foreign material
in the lung.

Any dust particles which penetrate to the fingl air-sacs, or alvecld,
of the lung, and are retzined there, thug obviously constitute a danger.
Fig. 14 shewing the alveolar retention curve for an average human lung is
taken from a review paper by Davies (52), who points to the aubstantial
agreement between a number of investigators using different experimental
metheds. It will be seen that perticles in the size range 9.5 to 5-u are
mainly retained in the lung and it is chiefly this size range towards
which attention must therefore be turned when evaluating the health hazard
due to any dust cloud encountered in practice. Thile particles of less
than 0.2t are also largely retained in the lung, there is considerable
doubt as to their pathogenic effect, the lower limit of dust size at whioh
fibrotie effect ceases being, in fact, only very roughly esta.blishcd..

Theories on Silicosis Development

'Early'wox"kéré thought that dust was hermful chiefly because of its
physical presence in the lungs, and that the partiocles, on account of.‘
their hardness and sharpness, produced a mioroscHpic wounding, or tra\{na,
of the delicate tissues. Quite apart from the fact that it is dif‘f‘iqult
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to conceive of meghanical trauma due to particles of less than 5,

it also became obvious that this theory could not entirely explain the
pathological effects of dust. TFinely divided silica dust rapidly
produces extensive lung disease, while 6arborundnm dust, which has
extrenely sharp edges, does not produce the typical silicotic nodulé (53).
The practice of stone dusting in mines to prevent explosions was also
found to deorease rather than increase the incidence of Jung disease.
Thede facts led to some doubt as to whether the physical presence of the
dust ifself could alone produce the pathological effect observed.
Attention was therefore turned to the possible existence of toxio
substances in the dust which were released into the lung fluids.

This reasoning led Gye and Kettle (54) to propose their well-known
solubility theory of silicosis which held that silica dust was harmful
in the lungs not only because of its mechanical presence but alsc because
the particles released a certain gmount of silicic acid which dissolved
in the surrounding fluid with irritating effect upon the engulfing lung
cells. ©Policard later sonfirmed this irritating effect of dissolved
silica (55) and showed that cells poisoned by this substance became
"murmified" and preserved from the normal processes of protein
degeneration. Kettle glso showed in his later experiments that quartz
dust covered with a thin layer of iron oxide (56) has much less effect
then the uncoated dust in producing silicotic nodules in gnimals. In
tests of this sort the dust is normally introduced to the animalls lung
by intra-tracheal injection (57) or, better, by subjecting the animals
to an artificially created dusty stmosphere (58).

The solubility theory is by ne means the only theory which has been
advanced to explain the pathogenesis of silicosis. Zrenner in a review
article (59), suggests that the irreversible action taking place in the
silicotic lung is caused by a combination of mechanical trauma and
chemical action. Some effect is plso thought t¢ be caused by exchange

of bazes between the mineral particle and the surrcunding tissue, basic
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ions such as ¢alcium, sodiun and potassium goiﬂg into the environmcnt
from the spaces in the mineral lattice, and heing replaced by water
molecules or hydroxyl ions. Two consequences result, alkalinisation
of the medium and hydration of the mineral particle. Alkalinisation
of the lung fluids would increase the sclubility of any quartz present
and therefore, presumably, its degenerative effect. The actual
process of basc-cxchangc is also thought to result in hypertrophy of
tissue. The second consequence of ezchange of bases, namely hydration
of the particles, is w&lso interesting in its effects. This hydration
process has also been confirmed by petrographic examination of particles
extracted from the lung, when it has been found that the superficial
lattice of the particle may have been altered to a depth of 0.2, and
thus a particle of 0.4t in size may have been completely changed.

This molecular alteration of the particle is thought by some
investigators to render the particle harmless and, since the sane
"weathering" process occurs on exposure to rain, moist air etc., this
explains the accepted innocuocusness, from a silicotic point of view, of

natural dusts such 28 river sand and degert sand.

However, although the theories outlined gbove sannot be disconntéd,

by far the greatest weight of experimental evidence supports the

“solubility theory; and this will therefore be selected for further

expansion,

The Solubility Theory

Tt is perhaps surprising that quartz should be harmful to the lung.
Tts chemical inertness is a matter of common knowledge and it is
frcquently thought of as being one of the most indalitkle of substances.
It is true that a large crystal of quartz left for & long pericd in &
vessel containing water will scercely dissolve &t @ll, but if the large
quartz crystal is first reduced to & fine powder and then introduced to
the water significant emounts of silica may be shown to be pfesent in
solution. |
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The amount of silica in solution may at the present time be
estimated accurately by the silico-molybdic acid technigue (60)
although even this method is kisble to include in the figure obtained
a very small amount of polymerised silicic acid which is molybdate
reactive. The lung fluid has a pH of sbout 7.4, and this nsy be
simulated by using Ringer's solution, instead of water, for solubility
tests. King, Mohanty, Harrison and Nagelschmidt carried out
solubility tests on flint samples of different particle sizes using
Ringer's solution (61). Their results are given in Table 29 and it
will be seen that the amount of silica dissolved, for equal weights

of flint (a natural form of free silica) in equal volumes of Ringer's
solution, is related to the size of the particles.

TARBLE 2
Silica solubility of flint dusts of different size.

Particle Size (u) 05/05=-1t1~2[2~3n~8

Solubility (mg.SiOz/‘lOO ml.)|13.6 13. | 13.4 8.9 5.1

Flint, granite and opal are rocks which are rich in free silica,
and dust from these rocks rapidly causes silicosis, while rocks such
as shale and slate often contain silica chiefly in the combined
silicate form and give a dust by no means so prone to generate lung

disease. The "gilica'solubility" of such dusts is also much lower.

As mentioned previously, much work has been done on esztimating
the pathogenicity of nmineral dusts in animals. In general the results
have agreed with the bulk of industrial experience regarding the health
hazard created by airborne mineral dust of various sorts.

Quartz dust, for example will rapidly produce nodules in the lungs
of animals, with & superficial appearance very similar to that of the
human silicotic nodule. Pure silicates dusts, on the other hand,




103

including séricite, produce only a very mild reaction. Acid-trested
sericite, surprisingly, causes a rather large smount of fibrosis, but
this is probably due to the increased solubility conferred to the

sericite dust by the acid treatment. On closer microscopic examination,

‘animal silicotic lesions zre seen, however, to be not so well organiged

and to contain much less dense collagen fibres than the humen lesion.
The appearance of gnimal silicotic legions, developed over a long |

period, does however become progressively closer to that of the human
silicotic nodule. “

Mixed dusts of free silica and silicates give lesions in the lungs
of animals which are always intermediate between those produced by
quartz on the one hand, and by silicates on the ether. If much quertz
is present, a3 in 2 high quartz sandstone, silicotic nodules will
result; but if' the silicaetes predominate, as in mica, kaolin or

hornblende, the tissue reaction is mild and 1like that produced by the
silicates themselves.

This eff'ect may well be explained by the deprizssing eff'ect whieh
shale dust has upon the solubility of quartz.

In a mixture of kaolin, mice and quartz, for example, one might
expect the amount of silicic zeid dissolved to be conditioned by the
uost soluble constituent of the mixture, queftz, and that in presence
of excess of the mixed powder the solubility would approach that of
quartz taken glone, This, however, is not the case (62) and
adnixture of stone dust with powdered quarts will depress the solubility
from 140 mg./1. to about 10 mz./1.

The shale-dust component which depresses the solubility of quartz
is, in faot, a small amount of aluminium hydroxide which is sufficiently
water-soluble to deposit on the quartz particles, producing a thin layer
over their surface. This effect nay be demonstrated by adding powdered
sluminivm, alumina or @luminium hydroxide to quarta dust, when its
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silioa solubility will be reduced from sbout 150 mg./l. to about
10 ng./1.

It is not certain whether these depressions in solubility do in
fact explain the depression in silicosis caused by the presence of
stone dust in air containing quartz particles, but they do, at least,
form a very suggestive parallel.

Experiments with animals have also demonstrated the retarding
effect exerted by the dust of aluminium or its oxide upon siligosis
development. A significant faot revealed by these investigations is
that the aluminium dust must be administered continuously in order to
exert its therapeutic effect, otherwise the slumina is apparently lost
by dissolution in the lung fluids leaving the quartz free to promote
fibrosis in the normal way. Thus Denny, Robson and Irwin (63) were
able to demonstrate the preventive effect of aluminium dust upon
silicosis development in rabbits using a dusting technique in which the
enimals breathed eluminium daily, while Belt and King (64) were unable
to confirm these results using intra-tracheal injection. Denny, Rohson
and Irwin found that the addition of 1% of aluminivm dust to the guartz
dust resulted in an effective inhihitive actien upon silicosis production
in the snimals, and their findings have more recently been confirmed by
other workers (58).

Vhile it would appear that constantly administered aluminium or
alumina dust would act as a suppressant upon silicosis production, ro
convineing evidence has been put forward to indicate that such dust may

be used with curative effect.

Aluninium and alumina dust have both been tried as prophylactics
for silicosis. In Denver, Colorado, a well controlled experiment was
condutted with developed silicotics who breathed alumina dust. Control
subjects breathed fresh air through the same apparatus. All the men
expressed personal opinions that their condition had improved, including

the control subjects, but this subjective improvement was completely
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unsupported by any scientific evidence either from X-ray or clinical

examination,.

Thus, while the practice of stone dusting in coal mines does, in
fact, decrease the incidence of lung disease, the removal of the health
hazzard created by airborne dust more probably lies, not in the
introduction of further dust even if that dust be antidotal, but in the

suppression of the dangerous dust already present.

The Silicotic Nodule

Human silicosis presents & very definite histological picture,
particularly in advanced cases, where nodules having a "™all of twine"
appearance develoP'within the 1lung. Theae nodules consist of a good
deal of fibrous scar tissue which holds the dﬁst content of the lesion.

The dust is distributed within the nodulc in a definite pattern, thcrc
being & densely packed ceatral core of dust particles surrounded. by an
almost vacent zone which corresponds to the densest of the whOrled

collagen fibres, and this is again followed by & halo of dust corresponding
to the periphery of the nodule. '

Other Factors irfluencing Silicosis Development

Pure siliéa‘cxists at room temperature in four different
“modifications "¢ quértz, cristobelite, tridymite and fused silica or‘
vitrcosil. The first three are crystalline but vitreosil is an amorphous
fuscd 801id or glass. Quartz is the only nodification which is
thromodynamically stable, but none of the metastable forms show any

zeasurable tendency to invert to quart:z a$ nornal temperatures.

Since quartz crystals have an esymmetric structure they may exist
in either the "d-" or "1=-" form, Ixperiments indicate that either

st¢ﬁ?isomer is equally effeotive in promoting fibrosis in animals.

Similar animal tests, however, show that there is & marked difference
in the pathogenicity of the verious crystalline forms (61). Vhile
cristobalite appears to promete fibrosis to only a slightly greater or
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cquel extent to quartz, tridymite eppears to ﬁ;'vcry'much nore lethal
and vitreosil appears to be considerably less lethal than quartz. This
result seems to indicate that the crystal structure of the pure silica

does influence the tissue reaction.

This explanation appears quite satisfactory for the lower activity
shown by vitreosil which has a disordered type of structure, but it
appears rather remarkable that the small structural difference between
tridymite and quartz or cristobalite should produce an @lmost threefold
increase in pathogenicity, since all these orystalline structures are
composed of SiO2 tetrahedry sharing oxygen corners, differing only in
the arrangement of the tetrahedra in space and in the bond angle made
between the two silicon atoms and the oxygen atom bound to both. The
nen~silicosis producing felspars are also very similer %o quartz in
crystalline structure, so that it seems unlikely that crystal structure.

alone gcan heve so great an effect upon fibrotic properties.

Tt has already been shown that the particle size of gquartz dust
influences both its ability to penetrate to the terminal air szes of the
lung end the amount of silicic aoid which a given weight of such dust
may likerate into solution; If solubility alone, therefore, is the
only factor controlling the development of fibrosis in the lung, equal
weights of quartz dust of varying perticle size should increase in
paphogcnio effect with decreasing particle size. On the other hand, on
the ‘same hypothesis, if varying weights of the various particle size
renges are administered, such that a dose ofegual surface area is given
in each case, then the pathogenic effigct of these various batchesa of
dust of different particle size should be the same.

King, lohanty, Harrison and Nagelschmidt (65) performed experiments
of the above type on rats in which flint dust of different particle size
ranges was given to rats by intra-~tracheal injection., Their results
zre quoted in Tables 30 and 31.



107

20

TABLE

Constent gmount series (50 mg. £lint per rat)

Flint Silica- Surface | Maximum Regched Minimum time to
size solub~- per rat | stage of | after stage
('u) j(.i:é‘tj% 09 (cmz ) fibrosis | (months) (months)
ml.) 3 |4
y -8 541 170 2 9 - | -
2 - !i- 809 350 .7) 10 10 L -
1 -2 131 750 5 9 5 7
0. = 1 13.4 2,000 5 7 2 317
0.5 13.6 3,000 5 5 1 115
TABLE 31
Constant = Surface Series
Flint size | Wt. of dust S8ilica sclubility Minimum time to
Gu) per rat (ng.) | at constant ares fibrosis stage
(ng./100 ml.) months)
3 L 5
L -8 199 bt 8 - -
2 - L 100 4.2 1 4 6
1 =2 L2 4.6 1 4 7
005 - 1 1715 2.1 1 ? 10
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Tt will be seen from Table 30 that fibrotic effect is indeed
closely related to silica surface, but closer examination, (Table 31)
reveals there to be a range of maximally fibrogenic particles in the
regien of 1 bo 24, and, from the design of the experiment, it is

ohvious that this is not due t0o a meximum concentration of silioic acid
being reltased into solution.

- Dempster and Ritchie (22) have showmn that quartz perticles obtained
by grinding contain e relatively highly soluble outer layer which may be
renoved by repeated buffer extraction gnd can be regenerated by further
grinding or polishing. King, Mohanty, Harrison and Nagelschmidt (66)
have conducted animal experiments to test the pathological significance
of these observations. Two sets of quartz samples were prepsred, one
by leaching with Ringer's solution and the other by e‘cchiﬁg with
hydrofluoriec aclid. The fintreated quartz samples served as controls.

Both treatments reduced the silica solubilitiles of the samples to
g2bout 10 per cent of their original value. The sample leached with
Ringer's solution was found, however, to be equally as effective as its
contrel in promoting fibrosis, while the sample etched with hydrefluoric
acid was even more pathogenic than its control.

This type of evidence, together with the evidence given in Tables
30 and 31, may Jjustify modification in our conception sbout silica
golubility and its relation to fibrogenesis, although it may be that the

high solubility layer of the treated quartz samples was regenerated in
the lung.

Another interesting fact which should be taken into account in
considering the validity of the solubility theory is the acute toxic
effect of colloidal silioa. Dale and King (67) found that 1 = 2 mg.
of colloidal, 20 & (0.002.u4) silica cansed rapid death in mice, while
30 mg. of silica of respirable dimension (0.1 - 541._) were required to
cause death. The acute toxie effect of the colloidal silica was not
decreased by addition of lumina, dyes, or protein, which substances are

strongly adsorbed on silica of respirable size.
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A Recent Concept of the Vechanism of Silicosis

King (68) suggests = possible mechanism of silicosis in which both
colloidal silica and dissolved silicic acid play & part. "Fine quertz
particles release silicic acid into solution in & liquid or in the
liquid contents of a cell, Some of the ailicic acid escapes into the
blood, and is carried awzy to be excreted, other silioic.acid molccgles
- polymerise to colloidal dimensions, snd become fixed on the protoplésn_
of the cell. Colloidel silicic acid is & protein precipitent, snd its
action im precipitating some of the proteln of the engulfing cell may be
the cause of the typical fibrotic response which is elways caused by the
presence of free silica particles in tissues. The quartz particles,
however, must be #f fairly definite size range. They must not be too
small, like 20 & silica, or they will produce an acute toxic effect. :
If they are too big, no appreciable dissolution will take place. The
formation of silicotic nodules is a slow chronic phencmenon. Tt apﬁcﬁrs
that to produce them silica particles must be small enough to liberate
slowly, and over a long time, soluble silica into solution from their
surfoces in sufficient amount to produce a chronic local irritative effect;
and must not be so small that they will quickly and completely dissolve
and be either carried away or produce only an acute lecal effect, which
will laeck the eontinucus stimulus of constantly released ocolloidal
silicic acide It may be this prolonged irritative,~or stimulating,
aeffect of consfantly released colloidal silica which is responsiﬁle for

the formation of the fibrous scar tissue of a silicotic nodule”

WBeltdeseribed the structure of the silicotic nodule as a core of
densely packed fibres containing numerous doubly refractive parficles of
-silica, surrounded by a sheath of fibre. IMicre=incineration revealed
& dense halo of fine silica at the periphery, but & speee almost vacant
of silica between the periphery of the fibrous sheath and the core.

This structure strongly suggests a diffusion, outward from the central
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deposit of particles, of silicic =acid, much of which becomes fixed on
protoplasmic constituents in & zZone slightly outside and surrounding
thC-ODPe, vhere micro-incineration reveals it as a multitude of very
fine amorphous particles, easily seen in dark-field illumination, but
not visible with the refracting microscope, It has been suggested
elsewhere that particles of quartz in the lung relezse silicic acid
which has special biological properties, This biologically active
silica may be nothing other than polymerised silicic acid or colloidal
silica." ' |

Origins and Constitution of Airborne Coal Mine Dust

In genéral, dust olouds in cosl mines may be formed in three WRYS,
firstly by eveporation of mist or fog particles containing dissolved
or suspended solids, secondly by the blowing up of dust which has settled,
and thirdly by mechanical disintegration of & solid.

If & 1liguid contsaining dissolved or suspended solids is dispersed
as @ mist, subsequent evaporation of the liquid will produce dust
particles. In mining, psrticles of this type are produced at the

release ports of a central water-feed machine drill and in other ways.

Dusts blown up by air currents tend to consist of lerge rather than
small particles since the latter are more firmly held thah the former by
cohesive forces to the surfece on which they have settled, Accordingly,
large particles may be raised by an air current, but small particles
which may have settled on them may not be separated from them., Fine
particles can of course be blown up by a sufficiently powerful air
ocurrent, but the finer the pirticlss the more difficult it is to do so.

When particles are formed by the mechanical disintcgrafion of a
given solid, the average size of the particles produced is, to a Pirst
approximation, inversely proportional to the amount of energy cxpcndc&
per unit mass of the solid. This is due to the Ffact that = sdlid, like
a liquid, may be regarded as possessing a surface tension, so that 2

definite amount of energy must be expended to produce & new surface.
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The actual ﬁalucs to be assigned to the surface tensions of solids are
known only aporoximately and vary considerably from one material to
another, and also with the particulsr surface of the matericl relative
to the crystal axis. ~ As has already bheen mentioned the crystzlline
structure of the surface of solids produced by mechanical disintegration
is profoundly changed, & surface of irregular structure, or Beilby layer,
being formed (22}, one of whose properties, by comparison with the
normal so0lid, is & higher solubility.

Thus in drilling with a machine drill, where large amounts of enerzy
are expended upon a small amount of solid, one would expect a very fine
dust, while in drilling by means of a hand hammer & very much coarser
dust is obtained, owing to the lower energy expenditure on a given amount
of solid, Similarly, while considerable gquantities of fiine dust are
produced during blasting operations, - very little fine dust is obtained
either by shovelling the coal, or tipping it into trucks or hoppers.

Airborne dust in coal nmines may, in fact, proceed é}om several sources,
such as mechanical disintegration of the coal, or the non~coal sediments
in the seam, or the streata composing the roof and floor of the seam, and
also from dust from comminuted coal formed by compressional movements
along so=called "slip~planes" in the seam.

A'very comprehensive mineralogical survey of such airborne coal mine
dusts has been carried out by Evans (69) (2) in various collieries of the
South Wales coalfield. He recognised the major types of mineral
constituent by means of their refractive indices and uncovered much

enlightening information.

In view of its prominence as a pathogenic material, Evans paid
particular attention to the mineral gquartz. He found that guarts
particles found in coal mine dusts could be divided into three main groups.

eroup I" quartz particles are optically clear, or slightly‘broﬁn

tinted, extremely angular particles of gquartz which sometimes exhibit
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undulose extinction between crossed nicols, indiceting strain. Their
sharp~edged character is a sign of conchoigal fracture, and Evans
therefore sugzested that they had been formed by mechanical disintegration
of dctrital'grains in the coal and associated sediments, or from veins

or veinlets of secondary quartze. TFrom their nature it would seem that
these particles might well be a significant factor in the production of

c08l miners! pneumoconiosise

"Croup II" particles of quartz are well-rounded and exhibit even
extinction between crossed nicols. They are either associated with,
or flecked by, coal particles, or coated partially or wholly with
kaloinised mineral matter. In all cases they represent erodcd-grains
of quartz released from the parent sediment, mainly coal, without
mechanical alteration. Since these marticles, in view of théir
eluminous coating are undoubtedly less chemically active than those of
"Group I™ they may be of lesser interest than "Group I"™ particles in
estimating the health hazard orzated by an 2irborne dust.

"Group ITI" quartz is only found in specimens which have been
incinerated below LOOOG. These particles are coagulated aggregates
of micro~crystalline mattdr which refractometrically appear to be silica
agsoclated with kaolinised mineral matter. They probably represent
colloidal silica in cowl or material derived from low~temperature
micaceous or ferruginous mineral matter released during incineration.
~Although this mode of silica is highly soluble in the released state it
is probably 80 inherently bound up with the coal substance as to be of
: oomp#rativcly 1ittle significance in promoting the incidence of

pneunococniosis if coal perticles are to be regarded as innocuous.

Occasional relatively large {about 30-w) particles of quartz
possessing zoned outer margins are also found in airborne coal mine dusts.,
It is thought that this form of guartz is due to the rhythmic orystaliisu_
ation of secondary silica on the primary quartz fragment.
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Airborne coal mine dust may, in fact, contain up to about 157 of
quartz, although its average quartz content is certainly no higher than
5% but, in addition to quartz, substances belonging to two mineral
groups know, respectively, as the micaceous minerals and the "kaolin®
minerals are present in airborne coal mine dust which are important on
account of their possible suppressing effect upon the pathogenic
properties of the quertz particles in the dust.

The micaceous minerals are a complex group of minerals which are
principally silicates of aluminium, potassium and sodium, together with
silicetes of iron, magnesium and lithium, These minerals which are,
basically, complex alumino=silicates, vary chiefly in their content of
sodlum, potassium alumimiuvm and silicon. The chief wmicas associated
with coal measure shales comprise the ranze of minerals between brammalite
("sodicmsericite®) which has an NRZO content of 5.28%, and illite
{mpotash=sericite") which has an Na., O content of 1,05%. Movement
through the range of micas from brammalite te illite is saccompanied by
@& slight increase in the silica to alumina ratio. MNicas of high soda
content are normally found in association with coals of high rank,
brammallte being, in fact, first discovered in the @ssociated shales of

an anthracite measure,

#Keolin minerals in coal mine dusts include minerals: such gs
kaolinite, dickite and nacrite which are esscntially’A1 SiO (OH)8 or
(4H20, 241,0 2035 3102), as well as other hydrated alumino-sillcates. The
group is nade up of crystalline particles as well as micro-crystalline
agegregates of kaolinised mineral matter.

Evans identified the kaolinised dust particles (2) in wapyoef his
exeminations of airborne coal mine dust by treating the dust particles
with & solution of an alumina~detecting stain knowm as "aluminon®
(ammonium salt of aurine~tricarboxylic scid) which caused most, if not all,
of the constituents of the "kaolin™ fraction to aoquire a deep red
colouration detectable in grains less than 1. in sizes. These probably
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represent kaolinised mineral matter which, although possessing an
alumina; silice ration similar to tha$ of the more crystalline members

of the kaolin group, has not attained their high degree of stability.

Kaolinised matter ocours in widely varying amounts in airborne
coal mine dust, either as discrete particles, or coating those of
Group II quartz. Since they are capable of releasing alumina under
fevourable conditions, their presence in quantity may exert a significant

Gepressive effect upon the release of free silica in the lung.

A large number of accessory nminerals ere also found in airborne
coal mine dusts. These include gypsum, anhydrite, delomite, apatite,

snkerite, siderite and rutile, as well a5 many others, but these

substances are found in very variable and generally insipgnificant amounts.

Evans examined over LOC samples of coal mine dusts and found that
coal formed the major pert of the dust in every case. He therefore
concluded that, irrespective of the manner of working, coal itself is
the principal supplier of dust in the mine and suggested that the
principal sources of dust inhaleéd by colliery miners, arrenged in order

of importance were as follows :
(2) The mechanical disintegration of the coal seame
(b) The slip dust when present in qﬁantity ir the seams.

(¢) The strata comprising the roof and floor of the workings
‘a8 well as from "stone-dusting® where this practice is

iegally enforced.

Evans found no correlation to exist between the rank of coal being
mined and the quartz content of the dust ensuing, but he did note that
the average particle size of the cosl dust was considerably smaller than
that of the mineral dust, and that there was an shbundance of gquariz
particles less than2a in size only where mechanised operations, sueh

&8 the use of pneumatic picks, were employed.
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Coal Niners'! Penumoconiosis

Study of these various mineral constituents of airborne coal mine
dust would naturally enable its silicosis hazard to be evaluated, but
there are several important differences between the pathology ef

classical silicosis and that of coal miners' pneumoconiosis.

As in classical silicosis one form of cdal niners! pmeumoconiosis
is due to the action of the dust alone, and this is sometimes called
simple pneumoconiosis. Another form is due to the combined action of
dust and infections This is infected pueumoconiocsis In which
tuberculosis is thé usual agsoclated infection, An outstanding
difference between silicosis and coal miners® pneumoconiosis is that
the latter does not have such z disposition as the former to tuberculosis
which can be recognised during life., Nevertheless, tuberculosis in &
modified and often cobscure form is found in a considerable proportion of

coal workers dying of pneumoconiosis,

Gough has described the maln changes teking place in a coel miner's
lung {70) owing to either simple or infected pneumoconiosis. Changes
due to dust alone are seen as black spots throughout the lung verying
from microscopic size up to ebout 5 xms Some of these spots are sof't,
but  others are hard and can be felt as nodules. Although fibrosis has
thus occurred at the dust foci the nodules formed vary from those of
classical silicosis in thet the fidrous tissue is not arranged
concentrically, but runs in various directions and often radially.

In and around the soft floci the alr-—spaces are dilated gi#ing a honcycgmb
appearance, while the hard focl differ only in that there is a central
hard core surrounded by &« honeycomb of emphysemz, This focal emphysera

may reach such severity as to causze extensive disorganisation of the lunge.

On the background of simple pneunoconiosis there may be superimposcd
fibrosis due to infection. ' In the infected form of the disability

m2ssive areas of fibrosis occur characteristically in the upper parts of

® the lung. They are round or elongated and composed of dense black
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tissue having the consistency of hard rubber. Sometimes it appears
ag if masses of coal are embedded in the lung and the affected areas
nay be as much as 12 om. in diam., The masses may be uniformly solid
or may have in then areas of ligquefaction, the fluid present in the
cavities being inky black. Although tuberculosis is only positively
indentified in about a third of such lungs, the fact that the fibrosis
occurs in the sites of predilection for chronic tuberculosis, strongly
sugzests that tuberculosis always plays a part, but that in some
instances the infection is dormant or has died oute In the lungs
showing nmassive fibrosis there are also nodules which are larger than
those of simple pneumoconiosis, being up to about 1 cm. in dias, They
usually eccur near the massive fibrosis, but may be widespread in the
lungs They are solid rather than honeycombed, and emphysema is less

comnon sbout these inflected nodules than around the simple nodules.

The degree of disability resulting from either type of miners?
pneuncconiosis will depend on the amount of lung in which function has
been lost or impaired. This may be due to areas of lung being replaced
by fibrous tissue or due to emphysema, Massive fibrosis is compatible
with respiretory efficiency provided that the non-fibrosed part of the
lung is not emphysematous. Characteristically, however, massive
fibrosis in the upper parts of the lungs leads to emphysema in the rest
of the lung. This in turn affects the heart and increases the disability.

Various theories have been expounded to explain the pathdgcnésis of
coal mirerst pneumoconiosis. Cne such theory regards the lung diseaze
of coal workers as & modified form of silicosis and this intcrprctatibn
is supported by the fact that coal in its natural state always contains
silica and airborne dust in coal mines, as has been mentioned, contains
this minerel together with various other minerals usually originating’
from associated rock strata. However, disability asnd fatal lung disease
has been found to ocour in mines where the dust has a low silica content
and,as beea pointed out, there are also significant differences in the

pathology of the two diseases,
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In view of the typically low silica content of airborne coal mine
dust, it has been suggested that development of lung disease is due
rather to the quantity of dust inhaled by the mirer rather than to the
silica content of such dust, The fact that several very dusty coal
nines have incidences of lung disease well below the average tenda to

disprove this theory however.

Thus, while it is apparent that coal miners' preumoconiosis is caused
by dust, there is no very definite scientific information as to which
constituent of the dust is primarily effective in promoting the disease.
Sinece coal predominates in airborne coal mine dust Evans investigated
the actual coal macerals to determime their possible part in promoting
changes in the lung tissues. He suggested that the weak ultra~violet
ermanations of certain coal constituents (2) may be capable of producing
zorbid changes im the lung over lengthy periods. The same author has
investigated the methanol extracts of the vitrair constituents of several
low rank cosls (3) and has found them to posses definite antibiotic
propertiess Evans suggested that this may explain the inhibition of
tuberculosis development often apparent in irflected coal nincrg |
pneumoconiosis together with many of the apparent ancmalies encountered
in investigating the incidence of the disease. Thus, in mccordance '
with Evans' theory, the incidence of lung disease in coal mines depends,
not upon the silicosis hazard, but upon the relative guantities of coal

nacerals which are contained in the duste.
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