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1 .

INTRODUCTION

The work d escrib ed  in  t h i s  t h e s is  i s  part- o f  a dust research  

programme ca rr ied  out in  the Department o f  Chemical Technology o f  

th e  Royal C ollege  o f  Scien ce and Technology and i s  a  prelim in ary  

attem pt to  r e la te  th e  incid en ce o f  lung d isea se  in  var iou s S c o t t is h  

c o a l mines w ith  th e  environm ent^ con d itions e x is t in g  in  th e se  m in es. 

Work o f  a s im ila r  nature i s  b eing  carr ied  out by th e  N ation a l Goal 

Board a t th e  S a fe ty  in  Mines Research E stablishm ent, S h e f f ie ld  and 

in  various N ational Coal Board la b o ra to r ies  throughout th e  U n ited  

Kingdom. I t  was intended to  c o l le c t  a f a i r ly  la r g e  number o f  duat 

sam ples underground using  a su ction  apparatus con ta in in g  a  S o x h le t  

thim ble ( l )  and to  su b ject th ese  samples to  various t e s t s  so th a t  

th e  s i l i c o s i s  hazard due to  th e ir  presence could be ev a lu a ted .

I t  was a lso  in tended to  estim ate th e  chemical com position o f  th o se  

samples by a method which would not lea d  to  th e  in e v ita b le  countin g  

error encountered by previous workers using purely  o p t ic a l  

techniques ( 2)

A su ita b le  s t a t i s t i c a l  treatment o f  the r e s u lt s  should have 

in d ic a te d  whether c o a l miners* pneumoconiosis was indeed  a m odified  

form o f  s i l i c o s i s ,  or udiether i t  was caused alm ost e n t ir e ly  by th e  

amount o f  dust in h a led  by the victim # A lte r n a t iv e ly , i f  

s t a t i s t i c a l  a n a ly s is  f a i le d  to  show e ith e r  th e  q u an tity  o f  dust 

p resen t or the s i l i c o s i s  hazard o f  the dust to  be connected w ith  

th e  in c id en ce  o f  lung d isea se , added stren gth  would b e  given to  

Evans* theory (3 ) th a t  th e  lung d isea se  contracted  by c o a l miners 

i s  due more to  th e  type o f  coa l dust present than to  any other  

s in g le  fa c to r .

I t  was found n ecessary  to  devote consid erab le  tim e to  developing  

methods o f  sample exam ination which gave s u f f ic ie n t  accuracy, and 

were both reasonably rap id  and economic in  dust., AkS a r e s u l t .
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in s u f f ic ie n t  samples were in  fa c t  analysed to  permit a w orthw hile  

s t a t i s t i c a l  survey, a lth o u ^  a f a i r ly  c le a r  id ea  o f  th e  ty p ic a l  

type o f  airborne dust present in  c o a l mines was obtained and 

progress was made in  d ecid in g  which t e s t s  could most s u ita b ly  be 

ap p lied  in  evaluating th e  s i l i c o s i s  hazard due t o  th e  d u s t .

The s i l i c o s i s  hazard o f  the dust depends upon two independent 

fa c to r s :  p h ysica l fa c to rs  m ainly r e la te d  to  p a r t ic le  s i z e ,  and 

chem ical fa c to r s  mainly r e la te d  to  fr e e  s i l i c a  c o n te n t. The 

techniques adopted in  estim atin g  th e  various p ro p er tie s  o f  th e  

airborne dust are therefore  d escrib ed  in  two separate s e c t io n s ,  

each dealing w ith one o f  th e se  fa c to r s .
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METHOD OF DUST COLLECTION 

Deslfm o f  Dust C o llec to r

The dust samplers employed were “b u ilt  to  a design  by Hunter and 

Jaap (1 ) and, a l l  but the prototype which m s con stru cted  in  t h i s  

Department, were fa b r ica ted  by th e  N ational Coal Board workshops*

Each c o lle c to r  c o n s is te d  e s s e n t ia l ly  o f  an exhauster operated  by  

compressed a ir  which drew a ir  from th e surroundings through a  

Soxhlet th im ble, thus f i l t e r in g  i t *  The entry  duct to  th e  Soachlet 

thim ble was o f  f a i r l y  large  dimensions to  in crease  th e  volume o f  

dust la id en  a ir  inducted in to  th e  c o llec to r*  I t  was found, so  fa r  

as could be e s ta b lish e d  in  th e  samples obtained , th a t th e  Soxh let  

thim ble stopped even th e  f in e s t  o f  .p a r t ic le s  which. can be seen under 

the optical^m icroscope, i . e .  from p a ssin g  in to  th e  compressed

a ir  l i n e .  P ig  1 i s  a schematic drawing o f  th e  H-J dust c o l l e c t o r .

Compressed a ir  was chosen to provide su ction  s in c e  s e r v ic e  

trunking carrying compressed a ir ,  u su a lly  at about 50 lb . / in ^ ,  i s  t o  

be found near most c o a l fa ces  where i t  i s  provided to  operate  var iou s  

p ieces o f  coalMnining equipment. At the time o f  production o f  th e  

prototype the c o lle c to r  was o f  unique design , but s in ce  then a  

c o lle c to r  o f s im ila r  design  known as th e  Hexhlet dust-sam pler has 

been produced commercially by.M essrs* C asella  (4.) from a design  by  

Wright ( 5) .

Operation o f  C o llec to r  in  P it

-.Since dust concentrations s u f f ic ie n t ly  high to  c re a te  a  se r io u s  

hea lth  hazard gen era lly  occur only near the working fa ce  in  p resen t  

day c o l l e r i e s ,  the c o lle c to r  was in v a r ia b ly  operated between 20 yd* 

and 50 yd* from the fa c e , u su a lly  in  one o f  the return  a irw ays.

At such a d istan ce  from the fa ce  i*e.greater than te n  e f f e c t iv e  

roadway diam eters, the dust concent ra t io h  i s  reasonably  uniform ovar 

the c r o ss -se c t io n  o f  the roadway and th ere  i s  no ap p reciab le  change.
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4 .

due to  d ep osition , in  the concentration  o f  dust o f  r e sp ir a b le  

s iz e  (6 )»

P ig  2 shows how four samplers were arranged to  c o l le c t  airborne  

dust samples in  Ctrdowan No» 1 No. 2 East S e c t io n . No. 1 sampler

was p osition ed  as in d ic a te d  in  th e  Main Intake Road 75 f t .  from th e  

fa c e lin e  and sampled th e  in take dust continu ously; N os. 2 , 5 and 4  

samplers were p osition ed  a s in d ica ted  in  th e  L e ft Return Road 75 f t .  

from th e  fa c e l in e . No. 2 sampler operated in te r m it te n t ly  and 

c o lle c te d  the dust generated during th e  str ip p in g  s h i f t  fo r  co n secu tiv e  

periods o f  eigh t hours duration . Nos. 3 and 4  sam plers p o lle c te d  th e  
dust generated during th e  brushing and c u ttin g  s h i f t s  on a s im ila r  

b a s is .  This period o f  sampling was ca rr ied  out over s ix  working days 

and represents a ty p ic a l underground dust c o l le c t io n  programme.

I t  should be noted th a t a s e r ie s  o f  po in t sources along th e  fa c e  

were resp on sib le  for  th e  dust cloud in  the r e tu rn , so th a t th e  dust 

produced from any given source was mixed lo n g itu d in a lly  by an amount 

depending on i t s  p o s itio n  w ith  resp ect to  th e  sam pling p o in t .  Any 

appreciable changes in  lo n g itu d in a l mixing in  th e  return  w i l l  on ly  b e  

produced, th erefore , by workers near th e  return  end o f  th e  fa c e  and 

th ese  w i l l  be superimposed on a r e la t iv e ly  la rg e  and slo w ly  changing 

background. Further i f  th e  a ir  flow  in  the roadways was tu r b u len t, 

as was almost in variab ly  so , th e  c o lle c to r  was s u f f ic i e n t ly  removed 

from the source for the dust concentration  to  be su b s ta n t ia lly  uniform  

over th e  c ro ss -se c tio n  and s u f f ic ie n t ly  near t o  th e  source fo r  th ere  

to  be no appreciable lo s s  o f  dust o f  r e sp ir a b le  s i z e  due to  d e p o s it io n .

E ffic ien cy  o f  C ollector

The rate  at which th e  H-J Sampler c o l le c t s  d u s t , apart from th e  

e ff ic ie h c y  o f th e  equipment i t s e l f ,  i s  obviously  dependent upon th e  

pressure o f th e  compressed a ir  fed  to  th e  exhauster and th e  

concentration and average p a r t ic le  diameter o f  th e  dust cloud  sam pled.
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Various other fa c to r s  such as th e  d e n s ity  o f  the dust b e in g  c o l le c t e d  

and the v is c o s ity  and d en sity  o f  th e  gas being f i l t e r e d  w i l l  a ls o  

in flu e n c e  th e  r a te  o f  c o l le c t io n , presumably to  a l e s s e r  degree ; 

but proper assessm ent o f  th ese  fa c to r s  under th e  very  v a r ia b le  

con d ition s at th e  co a l fa ce  was thought not to  be p r a c t ic a b le .

Seven runs were performed, however, under reasonably  standard  

co n d itio n s , and an estim ate o f  the c o l le c t o r 's  e f f ic ie n c y  was 

attempted from the r e s u lt s  obtained from th ese  runs, which are ta b u la ted  

in  Table 1 .  The samples from which th ese  data were d erived  were th e  

four c o lle c te d  in  th e  e x e r c ise  .mentioned p rev iou sly , and a fu r th e r  th r ee  

sazi^les c o lle c te d  in  th e  Return Road a t No. 7 S ection  o f  K in g s h il l  No. 3 

C o llie r y  during th e  c u tt in g , s tr ip p in g , and brushing s h i f t s .  The 

compressed a ir  pressure during c o lle c t io n  o f  these sam ples was 

su b s ta n tia lly  constant a t around ^0 I b . / in .^ .

The fig u r es  given for  dust concentration (c) are exp ressed  in  

p a r t ic le s  per cubic cen tim etre . These concentrations were determ ined  

from thermal p rec ip ita to r  surveys carried  out by N ation a l Coal Board 

samplers during th e  period o f  c o lle c t io n  and represent th e  con cen tra tion  

o f  dust in  th e  1 to  p a r t ic le  s iz e  range expressed as a mean fo r  the  

period , t h is  mean being determined from many e s t im a tio n s . The average 

p a r t ic le  s iz e  (d) was c a lc u la ted  from p a r t ic le  s iz e  a n a ly s is  o f  a 

thermal p r e c ip ita to r  s l id e  which represented , as n ea r ly  a s  p o s s ib le ,  

th e  mean concentration o f  th e  dust during the period o f  c o l l e c t io n .

To be co n sis ten t with the u n its  in  which dust con cen tration  i s  expressed  

( 7 )f  D was ca lcu la ted  as

£  -  ( 1)
:e

where n = number o f  p a r t ic le s  counted in  a given s iz e  range

d = mean projected  diameter o f  p a r t ic le s  in  given s i z e  range,
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A p p lication  o f  th e  usual f i l t r a t io n  formulae to  th e  problem o f  

exp la in in g  the r e s u lt s  obtained proved u n su ccessfu l, but th e  fo llo w in g  

form ula, which i s  derived purely  from examination o f  experim ental data  

o f  th e  type given in  Table 1 , i s  suggested fo r  making a rough 

prelim inary estim ate o f  the order o f  tim e required t o  c o l l e c t  a g iven  

w e i^ t  o f  dust under known co n d itio n s o f  mean dust con cen tra tion  and 

o f  mean p a r t ic le  s i z e ,  namely,

log^Q T .  (log^Q W +  2 .% 2 )  -  (0 .755  X  1 0 " ^  X C D ^ )-------------------- ( 2 )

where W = weight o f  c o l l ie r y  dust c o lle c te d  in  grams.

C »  mean dust concentration  ( l  -  5u) in  p a r t ic le s  per 
cubic cen tim etre.

D «  average p a r t ic le  s i z e ,  a s  derived from equation  
( 1) in  microns

T = time o f  c o lle c t io n  in  hours

T his em pirical r e la t io n sh ip  enables th e  tim e o f  c o l le c t io n  to  be

roughly fo reca st only when the compressed a ir  fed  t o  th e  exhauster i s
2

a t a  pressure o f  approximately 30 l b . / i n  .

Table 1 

C o llec to r  Performance Data

Sample Weight (W) 
S*

C o llec tio n  
Time (t ) 

Hours

Dust
Concentration ( i )  

p.p* C.C.

I ^ r t ic le  S iz e  
(D)
«U

C.2 2 .2 48 286 3 .2 0

C*3 5 .5 46 236 3 .6 4

C .4 11 .7 48 322 3 .63

C.5 1 .4 144 123 3 .6 2

3 ^ * 3 1 .2 120 164 2 .3 5

3*KJ^ 2 .5 120 381 2 .9 7

3 .K .5 2 .5 90 272 4 .0 5
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Thus, according to  equation ( 2 ) ,  in  order to  c o l l e c t  5 .0  grams 

o f  a irborne c o l l ie r y  dust having an average p a r t ic le  s iz e  D, o f  3 .0x1  

under a mean dust concen tration  (1 to  g x i)  o f  300 p a r t ic le s  per cubic  

centim etre i t  would be n ecessa ry  to  operate th e  c o lle c to r  underground 

for  a period  o f  approxim ately 275 hours. While t h i s  i s  on ly  an 

approximate estim ate o f  th e  tim e necessary to  c o l le c t  5 .0  grains o f  

airborne dust under th e  con d ition s exem plified , th e  r e s u lt  shows th a t  

the c o l le c t io n  o f  large  amounts o f airborne dust u s in g  t h i s  typ e o f  

macro-sampler i s  in e v ita b ly  len gth y  and consequently ex p en siv e .

As a rough check on whether th e  Soxhlet f i l t e r  was a llow in g  

dust p a r t ic le s  to  pass and thus lead in g  to  p r e fe r e n t ia l f i l t r a t i o n ,  

p a r t ic u la r ly  during the f i r s t  few minutes o f samplings b efore  a 

secondary f i l t e r  o f  c o lle c te d  dust had formed, a Soxh let thim ble in  

which a sample had been c o lle c te d  was scraped c lean  w ith  a sp a tu la , 

washed w ith  w ater, d r ied , weighed and f in a l ly  ig n ite d  in  a m u ffle  

furnace a t 75Q^C. The ash conten t o f  the thim ble ( 0 . 4lJo) cou ld  be  
a ttr ib u ted  to  the c o a l dust s t i l l  adhering to  the thim ble a f t e r  

washing. I t  i s  th erefore  probable that no p r e fe r e n tia l f i l t r a t i o n  

i s  tak in g  p la c e , s in c e , i f  t h i s  occurred, a d ep osition  o f  some f i n e ly  

divided  m ineral m aterial would be expected in  th e  pores o f  th e  th im ble; 

and t h is  i s  ev id en tly  ab sen t.

Conclusion

# i i l e  the H-J macro dust sampler in ev itab ly  req u ires lo n g  c o l le c t io n  

periods underground in  order to  obtain usefu l q u a n tit ie s  o f  airborne  

d u st, i t  appears to  be e f f i c ie n t  in  c o lle c t in g  even the sm a llest  

airborne p a r t ic le s .
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PARTICLE SIZE DETERMINATION BY OPTICAL MICROSCOPE 

Instrument a tio n

One o f  the most im portant fa c to r s  a f f e c t in g  th e  h e a lth  hazard o f  

a dust cloud  i s  th e  s i z e  o f  th e  dust p a r t ic le s ,  s in c e  on ly  very  sm all 

p a r t ic le s  can p en e tra te  to  th e  term in a l a ir  eac« o f  th e  lung# The 

most d ir e c t  method o f  e stim a tin g  th e  s iz e  i s  to  view  th e  du st, in  a  

su ita b ly  d isp ersed  form , by means o f  a c a lib r a te d  m icroscope*

The instrum ent employed in  th e  p resen t in v e s t ig a t io n  was a  

V ickers ( 8 ) p ro jec tio n  m iscroscope w ith  a  4  mm. achromatic o b je c t iv e ,  

which was e s s e n t ia l ly  a  normal compound m icroscope w ith  th e  le n s  system  

in v e r te d  so  th a t th e  s ta g e  was upperm ost. The image from the ey ep iece  

was p ro jec ted  by means o f  a p lane m irror on t o  a ground g la s s  screen  

for f i n a l  v iew ing or photographings, thus rendering p a r t ic le  s iz e  

counts much l e s s  te d io u s  than w ith  a normal compound m icroscope.

Idght was tran sm itted  from source t o  o b je c t iv e  v ia  a condenser, concave  

m irror and ad ju stab le  i r i s ,  and a parabalo id  condenser gave dark f i e l d  

i l lu m in a tio n  w ith  o b je c t iv e s  o f  4  mm. and greater f o c a l  le n g th . The 

stage  was a lso  f i t t e d  t i t h  two screw adjustm ents so th a t th e  f i e l d  

cou ld  be tra v ersed  in  any d ir e c t io n . The l ig h t  source was o r ig in a l ly  

a carbon arc lamp, but t h is  was la t e r  r ep la c ed  by a mercury vapour 

lamp and u l t r a - v io le t  f i l t e r .

Ihen perform ing dust counts a X10 Huygens eyep iece  in corp oratin g  

a g r a t ic u le  was u sed , a development o f  th a t described  by Paterson and 

Cawood (9 )*  This c o n s is t e d  o f  a c e n tr a l rec ta n g le  subdivided in to  

nlrre sm aller  r e c ta n g le s  and having along th e  top  and bottom a s e r ie s  

o f  graduated c ir c le s  ( th e  s e t  on th e  bottom b ein g  o u tlin e d  and th a t  

on th e  top  being  darkened) arranged in  p ro g ress io n . The image

o f  t h i s  g r a tic u le  wi|s n a tu r a lly  p ro jec ted  on th e  v iew ing screen  

to g e th er  w ith  th e  image o f  th e  d isp ersed  d u st , and th e  s i z e  o f  each 

dust p a r t ic le  w ith in  th e  la r g e  r ec ta n g le  was estim ated  by comparison 

o f  i t s  p ro jec ted  diam eter on the longer o f  the r e c ta n g le , with
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th e  diam eters o f  th e  c ir c le s  on th e  g r a t ic u le .  In  t h i s  way the  

p a r t ic le s  were d iv id ed  in to  v a r io u s s iz e  ra n g es, and a s iz e  range— 

frequency d is tr ib u t io n  ob ta in ed . Dark f i e l d  illu m in a tio n  to  prevent 

errors due t o  th e  presence o f  h a lo e s  o f  l ig h t  around th e  dust p a r t ic le s ,  

c rea ted  by d i f f r a c t io n  o f  th e  in c id e n t l i ^ t  on th e  specim en, was 

norm ally employed u s in g  a 4  o b je c t iv e , which w ith  a X10 e y ep iece  

gave a m a g n ifica tio n  o f  1 ,055 and a g r a tic u le  range o f  approxim ately  

0 . 7 .^  to  12 . 7%** The g r a t ic u le  was c a lib r a te d , b e fo re  p a r t ic le  s i z e  

a n a ly s is  u s in g  a stage  m icrom eter.

Counting and D isp ersion  E rrors.

Apart from errors in  sampling . , which a f f e c t  a l l  methods o f  s i z e  

a n a ly s is .  In a ccu ra c ies  are encountered when s iz in g s  m icr o sc o p ica lly  

•wing to  incom plete r ed isp e r s io n  o f  th e  dust sample on th e  s l id e ,  th e  

counting o f  an in s u f f ic ie n t  number o f  p a r t ic le s  and in a ccu ra te  

estim a tio n  o f  th e  s iz e  o f  n o n -sp h erica l p a r t ic le s  from th e ir  p ro jected  

d iam eters. The f i r s t  two cau ses w i l l  be d e a lt  w ith  below a t some 

le n g th , but i t  i s  s u f f ic ie n t  to  say  o f  th e  th ir d  cau se , fo r  th e  

purposes o f  t h i s  work, th a t a shape fa c to r  i s  req u ired  t o  c o r r e la te  

th e  r e s u l t s  obtained  from m icroscopic a n a ly s is  w ith  th o se  obtained  

from f a l l i n g  speed methods ( 9)#

The s i z e  range-frequency data thus obta in ed  from th e  var iou s dust 

samples were converted to  a m ass-frequency b a s is ,  on th e  assum ption  

th a t « n  p a r t ic le s  were o f  th e  same d e n s ity . T h is i s  o b v io u sly  

in v a lid  fo r  a heterogeneous powder such a s  airborne c o l l i e r y  d u st, 

but i t  i s  approxim ately c o r r e c t , and on t h i s  b a s is  i

Percentage in  Grade by weight = ■ . ^ ^ -  -  ( 3)
S in  d ^

where n a  number o f  p a r t ic le s  counted in  grade

d r: mean p ro jec ted  diam eter o f  p a r t ic le s  in  grade
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Thus by m u ltip ly in g  th e  number o f  p a r t ic le s  in  each s iz e  grade 

by th e  cube o f  th e  mean p ro jec ted  diam eter a mass percentage under

s i z e  curve fo r  each sample can be co n stru cted .

O bviously la rg e  erro rs in  th ese  curves may be in cu rred  th r o u ^  

counting too  few p a r t i c l e s .  Table 2 g iv e s  a summary o f  r e s u lt s  (9 )  

fo r  th e  probable error incurred  when counting p a r t ic le s  in  a g iven  s iz e  

range, w ith  su c c e ss iv e  ranges in  4^2 r a t i o .  The r e s u l t s  quoted in  

Table 2 , i t  must be remembered, on ly  fo r e c a s t  th e  error due to  

s t a t i s t i c a l  cau ses, and com plete r ed isp e rs io n  o f  th e  dust i s  o f  

course assumed, w ith  dust p a r t ic le s  a l l  o f  equal d e n s ity .

Table 2

Number o f  P a r t ic le s  to  Count fo r  a S p e c if ie d  Accuracy

Estim ated  
percentage in  
grade by  
Fpiaht

Probable Error Probable Error 2^
Upper & lower  
% l im it s  in  

grade

N o.of p a r t ic le s  
to  coDht fo r  
accuracy w ith in

ifc

Upper & Lower 
% l im i t s  in  

grade

No .o f  particles  
to  count fo r  
accuracy wiihin 

2fo

5 4  6 25 3 - 7 6

10 9 - 1 1 100 8 - 1 2 25

15 14 — 16 225 1 3 - 1 7 56

20 19 -  21 400 18 -  22 100

25 2 4 - 2 6 625 23 -  27 156

30 29 -  31 900 28 -  32 225

40 3 9 - 4 1 1600 3 8 - 4 2 400
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In the p resen t dust counts between 600 and 800 p a r t ic le s  were 

norm ally s iz e d  and mass percentage undersize curves were drawn from 

th e se  d ata . From thipse curves th e  percentage mass o f  th e  dust c lou d  

below 5 *  ̂ in  s iz e  ( i . e .  **respirable dust") was derived  fo r  each sample 

and th e se  data  are given  in  th e  f in a l  sec tio n  o f  the t h e s i s .  The 

accuracy o f  th e se  f ig u r e s ,  due to  s t a t i s t i c a l  erro rs, can be estim ated  

from Table 2^ and th e  probable error due to  counting in a ccu ra c ies  i s  

norm ally on ly  between 1Ĵ  and 2^

Re d isp ersio n  o f  a dust in  e x a c t ly  th e  same way as i t  was o r ig in a l ly  

d isp ersed  i s  v ir t u a l ly  im p ossib le  fo r  variou s reasons and some d isp e rs io n  

error i s  th u s in e v ita b le  i f  th e  c o l le c te d  dust i s  to  be  su b jected  to  

m icroscopic p a r t ic le  s iz e  a n a ly s is .  In determ ining a s iz e  d is tr ib u t io n  

th e  problem i s  f i r s t  to  obtain  a com plete and homogeneous d isp e rs io n  o f  

th e  dust sample and then  to  tr a n sfe r  a  su ita b le  p ortion  o f  t h i s  to  a 

m icroscopic s l id e  or cover ^ a s s  fo r  exam ination. I f  a l iq u id  i s  used  

as d isp ersio n  medium, d i f f i c u l t i e s  due to  segrega tion  o f  coarse p a r t ic le s  

on account o f  th e ir  more rapid  sedim entation are encountered i f  a non- 

v isc o u s  l iq u id  i s  employed, w h ile  by u sin g  a v isc o u s  l iq u id  i t  i s  

d i f f i c u l t  to  avoid  some degree o f  agglommeration s in ce  p a r t ic le s ,  

p a r t ic u la r ly  f in e  p a r t ic le s ,  tend  to  s t ic k  to g e th e r . A compromise i s  

th e  b e s t  which can be achieved  under th e se  co n d itio n s and w ith t h i s  end 

in  view  i t  was d ecid ed  to  in v e s t ig a te  th ree  o f  th e  b e s t  methods o f  

d isp e rs io n  used by p reviou s w orkers, to  d iscover  which was most e f f e c t iv e  

fo r  u se  in  th ese  in v e s t ig a t io n s .  I t  was decided th a t th e  d isp e r s io n  

method which r e su lte d  in  th e  g r e a te s t  proportion o f  f in e s  could  be  taken  

as th e  most e f f e c t iv e .

The th r e e  methods o f  d isp ersio n  describ ed  below were ca rr ied  out on 

airborne dust sample 3 .K.1 #

{ i )  About 0.1 g .  o f  th e  airborne dust sample was p laced  a t th e  bottom  

o f  a g la s s  tub e, 2 in .  in  diam eter and 12 i n .  in  len g th , drawn to  a narrow
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opening a t  th e  bottom . Æ therm al p r e c ip ita to r  head was f i t t e d  t o  

th e  top  o f  th e  tube and a rubber bulb was connected  t o  a narrow  

opening a t  th e  bottom . A sharp p u ff  o f  a i r  was then blown in to  

th e  tube thus d isp e r s in g  th e  dust and 100 c c .  o f  th e  r e s u l t in g  

a e r o so l was a sp ir a te d  through th e  therm al p r e c ip i t a t o r .  The cover  

g la s s e s  were removed ft*om th e  therm al p r e c ip ita to r  head and f ix e d  to  

a c le a n  m icroscope s l id e  u s in g  a th in  f i lm  o f  n a i l  w arnish around th e  

rim t o  prevent contam ination by atm ospheric d u s t .

The therm al p r e c ip ita to r  (4 ) i s  th e  standard instrum ent employed 

in  B r it i s h  c o a l mines fo r  a irb orn e dust assessm en t by  o p t ic a l  

m icroscopy. I t s  a c tio n  depends on th e  r e p u ls io n  o f  a irb orn e dust 

by a h ea ted  body due t o  d i f f e r e n t i a l  m olecu lar bombardment in  a  

therm al g r a d ie n t .

When a s s e s s in g  th e  d e n s ity  o f  a  g iven  dust c lo u d , a measured 

volume o f  dust—laden  a ir  i s  drawn a t  about 7 c c .  per minute through  

a narrow channel across which i s  a h eated  w ir e , en erg ised  by  a  sm all 

p ortab le  accum ulator, th e  volume b e in g  measured by a sim ple d is p la c e 

ment a s p ir a to r . Samples fo r  o p t ic a l  counting are c o l le c t e d  on two 

cover g la s s e s  mounted on o p p o site  s id e s  o f  th e  w ir e , th e  dust d e p o s its  

form ing a s t r ip  about 1 mm. w ide and 10 mm. lo n g  across a diam eter o f  

th e  cover g la s s e s .  These d e p o s its  may r e a d ily  b e  counted under an 

o p t ic a l  m iscroscop e .

( i i )  5 n il. o f  a s to c k  10^ so lu t io n  o f  e th y l c e l lu lo s e  in  to lu e n e  ( 9) 

was d i lu te d  w ith  an equal volume o f  to lu e n e  and h eated  in  a sm all 

beaker on a w ater b a th . About 0 .1  g .  o f  th e  a irb orn e dust sample 

was added and th e  m ixture was allow ed t o  c o o l w ith  s t i r r i n g .  A drop 

was then removed from th e  m ixture w ith  a g la s s  rod and p la ced  on a  

c lea n  cover g la s s ,  vdiich was then  mounted on a s l id e  fo r  exam ination

in  th e  above manner. E ig h t cover g la s s e s  were prepared in  t h i s  way and 

th e  b e s t  two were chosen fo r  th e  com plete s i z e  a n a ly s is  co u n t.

( i i i )  About 10 m l. o f  r e d i s t i l l e d  n — b u ty l a lc o h o l was p la ced  in  a
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sm all g la ss  a tom iser , fa sh ion ed  in  the manner o f  a scen t spray, and 

about 0,1 g , o f  the airborne dust sample was added to  the l iq u id ,  

which was then  sw irled  around to  d isp erse  th e  d u s t , The m ixture  

was then sprayed on to  a c lea n  cover g la s s  propped a t an angle  aga in st  

a h o tp la te . E ight cover g la s s e s  were prepared in  t h i s  way and mounted 

on s l id e s  and th e  b est two were chosen fo r  th e  f in a l  exam ination .

The r e s u lt  o f  th e  s iz e  a n a ly ses o f  t h is  one dust sample d isp ersed  

in  th e se  th r ee  d if fe r e n t  ways i s  shown in  P ig  3 in  the form o f  

percentage mass u n d ersize  cu rv es. I t  w i l l  be noted  th a t th e  s l id e s  

which were obtained from an atom ised n — b u ty l a lc o h o l suspension o f  

th e  dust conta in  th e  la r g e s t  proportion  o f  f i n e s .  I t  can be taken  

th a t t h i s  method o f  d isp ersio n  i s  th e r e fo r e  th e  b e s t  o f  the th ree  

methods in v e s t ig a te d  and i t  was consequ en tly  adopted fo r  both o p t ic a l  

and e le c tr o n  m ieroscopy.

In th e  above s iz e  a n a ly ses th e  p a r t ic le s  were d iv id ed  in to  ten  

g r a t ic u le  groups having average p a r t ic le  s iz e s  in  th e  range 0 , 7 -u to  

12o7 '^j b u t, in  view o f  th e  con sid erab le  number o f  p a r t ic le s  having  

a p ro jec ted  diam eter o f  g rea ter  than 1 2 . 7 ^ ,  i t  was found n ecessary  

in  many la t e r  ca ses  to  measure th e se  la r g e  p a r t ic le s  in d iv id u a lly  

u sin g  a paper s c a le  and to  a llow  fo r  them in  the a n a ly ses , s in ce  one 

or two la r g e  p a r t ic le s  can, n a tu r a lly , have a much grea ter  e f f e c t  upon 

the percentage mass u n d ersize  curve than many sm all p a r t i c l e s .

I t  i s  now n ecessa ry  to  know how e x a c tly  airborne dust red isp ersed  

by th e  atom iser technique d escrib ed  above rep resen ts  th e  o r ig in a l  dust 

cloud from which th e  sample was ob ta in ed .

The error to  be expected  from such r ed isp ers io n  was th e re fo re  

estim ated  u sin g  a number o f  s h i f t  samples obtained  from K in g s iiil l  No, 3 

and Cardowan C o lle r ie s ,  where therm al p r e c ip ita to r  samples had been taken  

b^ N ational Coal Board samplers every h a lf  hour throughout the c o l le c t io n  

p eriod  a t th e  s i t e  o f  th e  c o l l e c t o r ,  From th ese  therm al p r e c ip ita to r  

samples the con cen tra tion s o f  th e  dust clouds in  term s o f  p a r t ic le s
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per cc# in  th e  ranges 0 .5  to  5-tl and 1 to  were estim ated  by 

H.CoB# workers by m iscroscop ic  dust counts (IO) ( I I )  and th e  mean 

a one en trâ t io n  o f  th e  dust cloud during sampling was th u s c a lc u la te d .  

Thermal p r e c ip ita to r  s l id e s  as n e a r ly  as p o s s ib le  r e p r e se n ta tiv e  o f  

th e  mean dust con cen tra tion  during c o l le c t io n  were chosen fo r  

comparison w ith th e  red isp ersed  d u s t .

In on ly  four c a ses  was s u f f ic ie n t  dust a v a ila b le  to  make a comparison 

u sin g  th e  atom iser method as d escrib ed  above, a lthough, in  a f i f t h  case  

on ly  about 0,01 g .  o f  th e  dust sample was sprayed on to  a cover  

s l ip  as b e fo r e . The s iz e  d is tr ib u t io n s  obtained were used , f i r s t l y  to  

con stru ct percentage mass u n d ersize  curves in  th e  u su a l way, from which 

th e  percentage mass o f  l e s s  than could  be read o f f ,  and secondly

to  c a lc u la te  th e  va lu e  o f  th e  average p a r t ic le  diam eter d^ from th e  
r e la t io n s h ip .

= £ .H  d ^
H d

M

These data were used to  compare the s i z e  d is tr ib u t io n s  obtained  

on m icroscopic exam ination o f  th e  thermal p r e c ip ita to r  samples and 

th e  red isp ersed  duet as shown in  Table 3<>

Table 3 

E ffe c t  o f  R ^ d isp e r s in g  Duet

( i )  Comparison o f  Mass < 5 ^ 1

Sample C,2 C.3 Co4 3 .K.5

R esu lt obtain ed  u sin g  therm al 
p r e c ip ita to r  s l id e 3 0 ,7 18 ,8 30.1 5 6 .3 22 .3

R esu lt ob ta in ed  u sin g  s l id e  
w ith red isp ersed  dust 10,1 9 .2 8 .2 10 ,8 17 .9
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( i i )  Comparison o f  V alues

Sample _ C*2 C.3 0*4 3 .K .4 3.K .5

R esu lt ob ta in ed  u sin g  therm al 
p r e c ip ita to r  s l id e 6*6 6*4 5 .9 4 .2 6 .9

R esu lt obtained  u sin g  s l id e  
w ith  red isp ersed  dust 9 .9 10*4 1 0 .2 9 .3 7Jf.

I t  w i l l  be seen th a t th ere  i s  a la rg e  and v a r ia b le  d iffe r e n c e  

between th e  r e s u l t s ,  and although c lo s e r  agreement between th e  r e s u lt s  

i s  show fo r  sample 3 JC.3  than in  any o f  th e  o th e r s , th e  more d i lu te  

suspension employed here in  preparing th e  s l id e s  could  not have been 

g e n e r a lly  employed, s in ce  i t  le d  to  in creased  d i f f i c u l t y  in  ob ta in in g  

a s l id e  o f  s u ita b le  o p t ic a l  d e n s ity , fr e e  from s ig n if ic a n t  contam ination  

from atmosphere dust*

There are th ree  p o s s ib le  causes o f  t h i s  v a r ia tio n  between th e  r e s u lt  

fo r  a sample taken from th e o r ig in a l  dust cloud and th a t  fo r  a  

red isp ersed  dust* These are ( i )  a d isp ersio n  error due t o  incom plete  

red isp e rs io n  by the atom iser r e s u lt in g  in  th e  presence o f  some 

aggregates o f  dust on th e  s l id e ,  ( i i )  f a i lu r e  o f  th e  therm al 

p r e c ip ita to r  to  c o l l e c t  large  p a r t ic le s  and ( i i i )  f a i lu r e  o f  th e  

dust c o l le c to r  t o  c o l l e c t  sm all p a r t ic le s *

A therm al p r e c ip ita to r  sampling under is o k in e t ic  co n d itio n s  is  known 

to  have a n 'e f f ic ie n c y  o f  100^  a t  a p a r t ic le  s iz e  o f  5 ^  (12)  an apparent 

e f f ic ie n c y  o f  110^ a t  a p a r t ic le  s iz e  o f  10^  owing t o  th e  greater  

tendency o f  la rg e  p a r t ic le s  to  be a sp ira ted  in to  the a ir  stream through 

th e  therm al p r e c ip ita to r , and an e f f ic ie n c y  o f  75J® &t 20^ ,  owing to  

th e  le s s e r  tendency o f  la r g e  p a r t ic le s  to  be dep osited  by th e  thermal 

gradient * To a sc e r ta in , th e r e fo r e , whether th e  v a r ia t io n  between th e  

r e s u l t s  was due m ainly to  th e  varying e f f ic ie n c y  o f  th e  therm al 

p r e c ip ita to r  w ith p a r t ic le  s i z e ,  or to  a d isp ersio n  erro r , th e  mmber
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o f  p a r t ic le s  couhted in  a p a r ticu la r  s iz e  fr a c t io n  o f  th e  r ed isp e rsed
Nd u st, say D, was compared w ith  the p a r t ic le s  counted in  th e  same

fr a c t io n  on th e  therm al p r e c ip ita to r  s l i d e ,  say Wo. The average
N yva lu e o f  th e  r a t io  I/Wo fo r  th e  f iv e  samples concerned was c a lc u la te d  

fo r  th r e e  d if fe r e n t  s iz e  fr a c t io n s  and compared w ith the va lu e  o f
N  yD/No to  h e  expected owing to  v a r ia t io n  in  thermal p r e c ip ita to r  

e f f ic ie n c y  a lo n e .

Table 4

P a r t ic le  S iz e  
(u)

Value of^j)/No to  be expected  
due to  varying T .P . e f f ic ie n c y

Average v a lu e  o f  N^yko 
obta in ed

5 .2 0 , -  0^074

10^ -  0.991 2.84

1 8 * +- 0*333 4r 00

I t  i s  seen th a t th e  v a r ia t io n  between corresponding s iz e  fr a c t io n s  

o f  the red isp ersed  and o r ig in a l  dust i s  much greater than th a t expected  

from therm al p r e c ip ita to r  in a ccu ra c ie s  a lo n e . F urther, s in c e  the  

v a r ia tio n  i s  not confined  to  sm all p a r t i c l e s ,  b u t, in  f a c t ,  in c r e a se s  

w ith  p a r t ic le  s i z e ,  i t  i s  reasonable to  conclude th a t the observed  

v a r ia t io n  i s  due not p r im a rily  to  f a i lu r e  o f  th e  dust c o l le c t o r  to  

c o l le c t  sm all p a r t ic le s ,  but alm ost e n t ir e ly  to  in a b i l i t y  to  red isp erse  

th e  c o lle c te d  dust e f fe c tu a lly *

Instrum ental Errors

I t  was n o ted , on comparison w ith t y p ic a l  N ation a l Coal Board dust 

cou n ts, th a t th e  f i r s t  f i v e  a irborne coa l dust sam ples examined under 

th e  V ickers m icroscope showed anumsually sm all proportion  o f  p a r t ic le s  

in  the 0*5 t o  1 - a  range.
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The dust counts in  question  were perform ed on s l id e s  which had 

"been prepared hy r ed isp e rs in g  the dust b y  th e  u su a l sp ray in g  technique  

and, as shown above, a con sid erab le  d isp e r s io n  error would th ere fo re  

be a sso c ia te d  w ith th e  count* However, in  order t o  in v e s t ig a t e  

whether an instrum ental error was a ls o  in v o lv e d , th e  same s l id e s  were 

counted by N ational Coal Board workers a t  S h o tts  L ab oratories (13) 

u sin g  th e  normal Beck m icroscope employed by th e  Board* The Beck 

instrum ent, as used fo r  normal dust co u n ts , i s  f i t t e d  w ith  a 2 mm 

o i l  immersion apochromatic o b je c tiv e  and th e  f i n a l  image i s  p ro jec ted  

on to  an opaque ex tern a l screen , th e  source o f  i l lu m in a tio n  b ein g  a 

mercury vapour lamp* In the V ickers instrum ent, on th e  other hand, 

a carbon arc was used as th e  source o f  i llu m in a tio n  and a 4  mm 

achromatic o b je c t iv e  was employed, th e  f i n a l  image b e in g  p ro jected  

on to  a ground ^ a s s  screen* An approximate s iz e  d is tr ib u t io n  was 

a lso  obtained  fnom a number o f  electronm icrographs prepared from 

each sample*

The r e s u lt s  fo r  th e  number and mass percentages o f  l e s s  than  

s iz e  shown in  Table 3 dem onstrate c le a r ly  s in c e  th e  r e s u lt s  fo r  th e  

Beck and V ick ers m icroscopes were obtained  u sin g  th e  same s l i d e s ,  that 

th e  r e so lu tio n  o f  th e  V ick ers instrum ent u s in g  a 2*. mm o b je c t iv e  and 

ground g la s s  screen  was to o  low to  enable th e  0*5 to  i  M  f r a c t io n  to  

be properly) d e te c te d . Further, w h ile  the number o f  p a r t ic le s  which 

cou ld  be counted on th e  electronm icrographs (?0 to  260) was to o  sm all 

fo r  an accurate s iz e  a n a ly s is , th e  g e n e ra lly  h igher l e v e l  o f  th e  

approximate r e s u lt s  again in d ic a te  th e  low r e so lu t io n  o f  th e  V ickers  

instrum ent *
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Table 5 

Comparison o f  M icroscopes

( i )  Comparison o f  Number ^  o f  ^ 1  ^  F ra ctio n s

Sample
MidCroscope u sed

V ickers Beck E lec tro n

3JC.1 1 9 .0 3 7 .5 4 7 .9

C.1 1 3 . 8 . 6 9 .2 5 3 .8

3 JC.2 9 .0 63 a 51.1

1 .K*1 8 .0 5 7 .9 5 1 .3

L.V.1 11 .0 6 8 .2 4 7 .7

Table 8 (continued)

( i i )  Comparison o f  Mass % 1 Tbractions

Sample M icroscope u sed
V ickers Beck E lectron

3.K .1 0 .2 0 .3 1 .4

C»1 0.1 0 .3 0 .2

3 .K.2 0.1 0 .3 0 .9

1JEC.1 0.1 0 .3 1 .4

L.V.1 0.1 0 ,4 1.1 '

F it t in g  a 2 mm o i l  immersion ob jectiv e  t o  th e  V ick ers microscope 

and r ep la c in g  th e  carbon arc lamp wkh m nercury vapour lamp enabled
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th e  0 .5  to  1 >tt f r a c t io n  to  he a c c u r a te ly  e stim a ted . Th is a l t e r a t io n  

a lso  r e s u lte d  in  th e  g r a t ic u le  range becoming too  sm all to  enab le  

adequate counts on th e  mass b a s is  to  b e  made over th e  e n t ir e  range  

o f  p a r t ic le  s iz e  p resen t however, and r e s u lte d  in  a c o n sid era b le  

in c r e a se  in  th e  ted ium  o f  counting a s  dark f i e l d  i l lu m in a tio n  cou ld  

no longer be employed.

I t  was th e r e fo r e  ded ided to  u se  th e  s l id e s  obtained  by th e  

N ation a l Coal Board in  t h e i r  therm al p r e c ip ita to r  surveys made w h ile  

th e  c o l le c t o r  was in  o p e r a t io n . In t h i s  way any errors due t o  fa i lu r e  

o f  th e  sampler t o  c o l le c t  f in e  p a r t i c le s  or to  incom plete r e d isp e r s io n  

o f  th e dust on th e  s l id e  are avo ided , and th e  co rrec t number fr a c t io n  

between 0 .5  and 1 . 0 >tt can be estim ated  u s in g  mean dust con cen tra tion  

f ig u r e s .  These f ig u r e s  are c a lc u la te d  from counts performed u s in g  

th e  Beck m icroscope as d escrib ed  w ith  an N.CJB. g r a t ic u le  by means 

o f  which th e  p a r t i c le s  viewed are d iv id ed  in to  fou r s iz e  groups, namely, 

0 .5  to  1 ^ ,  1 to  and >  5 ^ .  The fr a c t io n s  o f  < 0 . 5 ^

and >  5>U- are not counted and the mean dust con cen tra tion s c a lc u la ted  

from th e  counts are expressed  a s p a r t ic le s  per c c .  in  th e  ranges 

0 .5  to  5 ^  and 1 to  5vW.

S in ce  th e  N .C .B. g r a t ic u le  i s  not su ita b le  fo r  th e  d e ta i le d  s iz e  

a n a ly s is  n ecessa ry  t o  ob ta in  an accu rate mass r a t io  d is tr ib u t io n , i t  

was decided t o  count ty p ic a l  s l id e s  fo r  each sample on the V ickers  

m icroscope and t o  c a lc u la te  th e  mass d is tr ib u t io n  therefrom , s in c e  on 

th e  mass b a s is  errors in  counting th e  0*5 to  1 .OhL fr a c t io n  have very 

l i t t l e  e f f e c t .  The co rrec t mass fr a c t io n  from 0 .5  to  1 .0%%. can then  

b e estim ated  b y  s u b s t itu t in g  th e  number fr a c t io n  obtained  from the  

N.C.B* f ig u r e s  in  th e  u su a l exp ress ion  fo r  th e  mass r a t io ,  shown in  

equation  ( 3 )*

In  order to  t e s t  th e  subm ission th a t th e  mass d is tr ib u t io n  obtained  

on a n a ly s is  was not s e r io u s ly  a ffe c te d  by th e  drop in  m agnification  th e
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e f f e c t  o f  vary ing m agn ifica tion  upon th e  values ob ta in ed  fo r  th e  

percentage mass o f  l e s s  than 5-U and f o r  th e  average p a r t i c le  s iz e  

d  ̂ was stu d ied , u sin g  commercial s i l i c a  dust ("D.R.C. grade”) .  The 

dust was suspended in  r e d i s t i l l e d  n — b u ty l a lco h o l and sprayed on to  

a s l id e  u sin g  an atom iser in  th e  u su a l way. S ig h t s l id e s  were thus 

prepared and the b e s t  was examined under a V ickers m icroscope, f i r s t  

employing a 4  nun o b je c t iv e  and then a 2 mm o il-im m ersion  o b je c t iv e .  

The d u st was then s im ila r ly  d isp ersed  upon a co llo d io n -co v ered  grid-* 

p la te  and examined under an e le c tr o n  m icroscope. The r e s u lt s

ob ta in ed  are shown in  T able 6 and in  F ig  4*

T able 6 

E ffe c t  o f  M agnification

Instrum ent
Employed H agn ifLoation No. o f  p a r t ic le s  

count ed Mass ^  <■ 5 ^ S
V ickers 1 ,055 669 85*5 3 .3 3

V ick ers 2 ,500 1205 76 .2 3.16

E lectron 2 ,600 656 52.2 3 .86

I t  w i l l  be seen th a t , u s in g  th e  V ickers in stru m en t, in c r e a s in g  the  

m agn ify ing power o f  th e  m icroscope beyond 1 ,0 0 0  X does not a f f e c t  th e  

v a lu e s  o f  e ith e r  th e  percentage mass o f  le s s  than s iz e  or th e  

average p a r t ic le  s iz e  d^ w ith in  th e  l im it s  o f  experim ental e r r o r . I t  

i s  a lso  seen th a t th e  in crea sed  r e so lv in g  power o f  th e  e le c tr o n  

m icroscope i s  more than cou n teracted  by the in f e r i o r  d isp ersio n  o f  th e  

dust upon th e co llo d io n -co v ered  g r id  o f  th is  in stru m en t. S ign s o f  

agglom eration were very  apparent in  th e  electronm icrographs ob ta in ed .



en

Oom

C/ï

en

m

00

CD

o



QO
OO o

O
QÛen

f-t



CD

O

O

en



c :
m

o
oooM

O

CA

Cn

1 2
tn
CO

n
Qo

CO O o



c

ro
o o o

o o

0 4

C fi

tn.



21 •

Sampling Errors

As m entioned above i t  was decided to  u se  therm al p r e c ip ita to r  

s l id e s  ob ta in ed  from th e a c tu a l dust cloud sampled, when a v a i la b le ,  

fo r  exam ination undw  th e  o p t ic a l  m icroscope and subsequent p a r t i c le  

s iz e  a n a ly s is •

Ydiile t h i s  procedure e lim in a tes  th e  la rg e  error inh eren t in  

r e d isp e r s in g  th e  d u st , i t  can a lso  le a d  to  the in tro d u ctio n  o f  a  

se r io u s  sampling error in  consequence o f  th e  v a r ia t io n  o f  dust 

con cen tra t ion  and p a r t ic le  s iz e  d is tr ib u t io n  during th e  per iod  o f  

c o l le c t io n .

F ig s  5 to  7 show th e  v a r ia tio n  o f  p a r t ic le  s iz e  d is tr ib u t io n  o f  

dust clou ds sampled in  a return  airway in  Cardowan C o ll ie r y  throughout 

c u tt in g  str ip p in g  and brush ing s h i f t s .  I t  w i l l  be seen th a t  p a r t ic le  

s iz e  d is tr ib u t io n  v a r ie s  q u ite  con sid erab ly  during any one s h i f t .

T h is v a r ia t io n  occurs whether or not th e  same m ining operation  i s  b e in g  

ca rr ied  on throughout th e  s h i f t .  P ig  8 shows th at con sid erab le  

v a r ia t io n  in  dust s iz e  d is tr ib u tio n  a lso  tak e  p lace  in  th e  in ta k e  

a irw ay, a lth o u ^  here th e  percentage mass o f  dust p a r t ic le s  o f  r e sp ir a b le  

s iz e  i s  c o n s is te n t ly  low er than in  th e  retu rn  a irw ay. P ig  9 shows th e  

s iz e  d is tr ib u t io n s  o f  dust c louds in  a return  airway o f  K in g sh i l l  N o. 3 

C o llie r y  during each o f  th e  th ree  s h i f t s ,  obtained by ana ly s i s  o f  s l id e s  

chosen so  th a t th e  counts agreed as n e a r ly  as p o s s ib le  $ i th  th e  mean 

dust con cen tration  fo r  th e  p a r t ic u la r  s h i f t .  I t  i s  seen th a t th e r e  

i s  a ls o  a con sid erab le  v a r ia t io n  in  average s iz e  d is tr ib u t io n  from 

d h i f t  to  s h i f t .

V a r ia tio n s in  dust concentration  hage been noted and measured by  

prev iou s workers (6 )  who concluded th a t in  order to  determ ine an accu rate  

f ig u r e  fo r  th e  mean dust con cen tration  fo r  a p a r ticu la r  s h i f t ,  a la rg e  

number o f  samples must be taken during th e  s h i f t  and, s i m ila r ly , in  

order t o  ob ta in  a r e l ia b le  estim ate  o f  th e  mean dust con cen tra tion  fo r  

a number o f  s h i f t s ,  i t  i s  n ecessary  to  sample over a la rg e  number o f  

s h i f t s .  T h is , o f  c o u rse , r e s u lt s  in  a la rg e  number o f  therm al
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p r e c ip ita to r  samples b e in g  requ ired , although th e  problem o f  

e s ta b lis h in g  a r e l ia b le  estim ate  fo r  th e  mean con cen tra tion  o f  airborne  

c o a l dust may p o s s ib ly  be overcome in  th e near fu tu re  by th e  u se o f  

su ita b ly  c a lib r a te d  autom atic sampling instrum ents*

S im ila ry , in  order t o  e s ta b lis h  an accu rate  average p a r t ic le  s iz e  

d is tr ib u t io n  i t  i s  n ecessary  to  submit a la r g e  number o f  s l id e s  to  

d e ta i le d  exam ination. T h is was not p o s s ib le  in  th e  p resen t work and 

a compromise was stru ck , in  th e  case o f  la t e r  sam ples, by a n a ly s in g  

two or th ree  s l id e s  fo r  each sample which were, as n ea r ly  a s p o s s ib le ,  

r ep r e se n ta t iv e  o f  th e  average dust con cen tration  during sam plings.

C onclusions

Â Reasonably accu rate estim ate  o f  th e  average p a r t ic le  s iz e  

d is tr ib u t io n  o f  any dust cloud  may be made prov ided, f i r s t l y  th a t a 

s u f f ic ie n t  number o f  therm al p r e c ip ita to r  samples are taken  underground 

a t th e  po in t o f  c o l le c t io n  to  e s ta b l is h  an accurate v i^ue fo r  th e  mean 

dust con cen tra t ion , and secondly th a t a s u f f ic ie n t  number o f  p a r t ic le s  

are counted on a s u f f ic ie n t  number o f  s e le c te d  s l id e s  under an adequate 

o p t ic a l  system in  s u f f ic ie n t  d e t a i l  to  enable an accurate m a ss-b asis  

a n a ly s is  to  be  performed.

S in ce  th ere  appears to  be no r e a l ly  e f f e c t iv e  method o f  red isp ers in g  

c o lle c te d  a irborne c o l l ie r y  d u st, underground sampling by means o f  a 

therm al p r e c ip ita to r  i s  n ecessa ry  i f  an accurate r e s u l t  i s  req u ired .
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USE OF THE ELECTRON MICROSCOPE IN AIRBORNS DUST ASSESSIŒÎNT 

G-eneral P r in c ip le s  o f  th e  E lectron  I Miorosoo'pe

In t h i s  instrum ent an e lec tro n  beam has a fun ction  s im ila r  t o  th at  

o f  a beam o f  l ig h t  in  an o p t ic a l  m icroscope and the f in a l  image i s  

e ith e r  recorded p h otograp h ica lly  or v iewed by means o f  a  f lu o r e sc e n t  

screen* The e lectro n  beam i s  produced by an e lectro n  gun s im ila r  to  

th a t used in  a cathode ray  tube and i s  propagated through th e  m icroscope 

body which m ust, o f  co u rse , be  under h igh  vacuum. The le n se s  o f  th e  

o p t ic a l  m icroscope are rep la ced  in  th e  ca se  o f  th e  e le c t io n  m icroscope  

by c e r ta in  con figu ra tion s o f  magnetic or e le c t r ic  f ie ld s  which a l t e r  

th e  path o f  th e  e le c tr o n  beam and form th e  f i n a l  image* The f in a l  

e le c tr o n  image i s  e ith e r  p r o jec ted  on to  a f lu o r e sc e n t  screen  where 

th e  e le c tr o n  energy i s  p a r t ly  converted  to  l i g h t ,  making th e  image 

v i s ib le  to  th e  eye , or allow ed to  f a l l  d i r e c t ly  on a photograph ic 

p la te  to  make a permanent record .

The instrum ent employed in  t h i s  case was a V ick ers type 3

m icroscope ( I 4 ) which employs a condenser le n s  and th ree  image form ing 

le n s e s  in  analogy w ith  th e  o p t ic a l  p ro jec tio n  m icroscope*

The c h ie f  advantage o f  th e  e le c tr o n  m icroscope l i e s  in  i t s  in crea sed  

r e so lv in g  power, which enables grea ter  m agn ifica tion s to  be employed, 

and th e  in crea sed  r e so lv in g  power i s  in  turn dependent on th e  low 

eq u iva len t wavelength o f  th e  e le c tr o n  beam employed.

The r e so lu t io n  l im it  o f  a m icroscope system i s  u lt im a te ly  se t  by  

d i f f r a c t io n  e f f e c t s  and may b e  d efin ed  as th e  le a s t  d is ta n ce  which 

can separate two m inute o b je c t p o in ts  which s t i l l  remain separate in  

the f in a l  im age. In  a r b itra r y  standard o f  th e r e so lu t io n  l im it .  A d ,  

which c lo s e ly  agrees w ith o b serva tion , was su ggested  by  Abbe who gave 

th e  l im it  as :

A d  .  -------------------------------------------------------

sin<=<
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where ^  = wavelength o f  i llu m in a tin g  r a d ia tio n  in  o b je c t  space

= h a lf  an g le  o f  the cone o f  illu m in a tio n  le a v in g  one 

ob ject p o in t and p a ssin g  through th e  o b je c t iv e  le n s .

For th e  o p t ic a l  microscope«< may be n ea r ly  90® and \  , u s in g  u ltr a  
o

v io le t  l i g h t ,  2000 A • Thus a l im it in g  r e s o lu t io n  approaching 0*1 h* 

may be ach ieved .

I t  was f i r s t  p o stu là ted  by de B r o g lie  th a t a tr a in  o f  waves i s  

a sso c ia te d  w ith an e le c tr o n  in  m otion, th e  w avelength b e in g  given be  ;

(6)

where eq u iva len t wavelength in  Acgstrom u n its

V =- a c c e le r a t in g  v o lta g e .

Thus fo r  e le c tr o n s  a c ce le ra te d  by 100 kT th e  eq u iv a len t wavelength  

o f  the illu m in a tin g  ra d ia tio n  i s  approxim ately 0 .0 4  Î .  and s in c e  owing 

to  th e  ab erration s in  e le c tr o n  le n s e s ,  th e  apettu re  a n g le , (X in  equation  

( 3) ,  must be l im ite d  to  approxim ately y g g - o f  th a t which can be  

used in  th e  o p t ic a l  m icroscope, th e  t h e o r e t ic a l  r e s o lu t io n  l im it  o f  the  

e lec tro n  m icroscope i s  th ere fo re  about 3 2* which i s  200 tim es b e t te r  

than th a t o f  th e  o p t ic a l  m icroscope.

In p r a c t ic e  such an improvement in  r e so lu t io n  i s  not norm ally  

obta ined , but th e  commercial e le c tr o n  m icroscope enables d e t a i l  a t  

l e a s t  20 tim es f in e r  than th a t produced by th e  b e s t  o p t ic a l  m icroscope  

t o  be viewed and recorded .

P a r t ic le  S iz e  D eterm ination

The importance o f  th e  f in e  dust p a r t ic le s  sm aller than p . 3 ^  iu  

diam eter i s  not y e t known. In order to  a s s e s s  th e ir  co n tr ib u tio n  t o  

th e h ea lth  hazard o f  an a irborne dust i t  i s  necessary  t o  determ ine 

t h e ir  r e la t iv e  su rface  and mass, and to  f in d  whether th e y  are more or  

l e s s  to x ic  than th e  la rg er  p a r t i c le s .
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The e le c tr o n  m icroscope which i s  capable o f  r e so lv in g  0 .0 1 ^  

d e t a i l s  in  ro u tin e  op eration  i s  th e  o n ly  s u ita b le  instrum ent fo r  such 

an in v e s t ig a t io n  as th e  l im it in g  r e s o lu t io n  o f  an o p t ic a l  m icroscope, 

even under th e  b e s t  co n d itio n s  i s  on ly  about 0 . 3 Wi t h t h i s  o b je c t  

in  view  th e re fo re  a la rg e  number o f  the a irborne c o l l i e r y  dust samples 

c o l le c t e d  were examined under th e  e le c tr o n  m icroscope*

About 0*1 g* o f  th e  dust under exam ination was d isp e r se d  in  about 

ICkl* o f  pure n -  bu&yl a lc o h o l and sprayed in  th e manner d escrib ed  in  

th e  prev iou s s e c t io n  on to  a h ea ted  c o llo d io n  covered  specimen g r id  

which was then mounted on th e  sta g e  o f  th e  e le c tr o n  m icroscope and 

v iew ed under a m a g n if ica tio n  o f  2 ,600  x  u sin g  an a c c e le r a t in g  v o lta g e  

o f  75 kVa S ev era l electronm icrographs were then taken o f  each sample®

TIiis l im ite d  treatm ent was in s u f f i c ie n t  to  ta c k le  th e  problem o f  

estim a tin g  the proportion  o f  p a r t ic le s  o f  l e s s  than 0 * 3 -U in  each sam ple, 

but to  in v e s t ig a te  t h i s  q u estion  f u l l y  would have been very  expen sive  

both  in  tim e and photograph ic m a te r ia ls , and in s u f f i c ie n t  reso u rces  

were a v a i la b le  for  such a course®

S evera l in t e r e s t in g  fe a tu r e s  were d isco v ered  however on exam ination  

o f  th e  electronm icrographs ob ta in ed , examples o f  which are  shown in  

P la te s  1 to  3o For in s ta n c e  th e  reascn  fo r  th e  d isp e r s io n  error  

d escrib ed  in  th e  prev iou s s e c t io n  i s  r e a d i ly  ap p recia ted  on exam ination  

o f  th e se  p la te s  as both sm all p a r t ic le s  c l in g in g  to  la r g e  p a r t i c le s  and 

sm all p a r t ic le s  adhering to g eth er  in  c h a in lik e  aggregates may be observed , 

and such aggregates would in e v i t a b ly  be recorded as s in g le  p a r t i c le s  when 

viewed under th e  o p t ic a l  m icroscop e . T h is  e f f e c t  i s  however s l i g h t l y  

exaggerated in  th e se  p la te s  as i t  i s  conven ient to  v iew  a r a th er  denser  

dust d ep o s it  under th e  e le c tr o n  m icroscope than under th e  o p t ic a l  

m icroscope on account o f  th e  r e s t r ic t e d  f i e l d  o f  v iew  and sta g e  motion  

o f  the former in strum ent.. I t  was a lso  p o s s ib le  to  d is t in g u is h  

amorphous p a r t ic le s  from c r y s t a l l in e  p a r t i c le s  in  many c a s e s , th e  

former typ e  o f  p a r t ic le s  hav ing freq u en tly  a co tton -w oo l l i k e  appearance
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(P la te  1 ) ,  w h ile  th e  l a t t e r  ty p e  o f  p a r t ic le  had th e  sharp edges 

(P la te  2 ) c h a r a c te r is t ic  o f  c r y s ta l  growth or concho ida l fr a c tu r e .

The q u a n t ita t iv e  in v e s t ig a t io n  o f th e very sm all p a r t ic le s  presen t  

in  airborne d u sts  u sin g  th e e le c tr o n  m icroscope does in  fa c t  in v o lv e  a 

number o f  p r a c t ic a l  d i f f i c u l t i e s ,  c h ie f  among which i s  th e  problem o f  

o b ta in in g  a sample o f  a irborne dust in  a s u ita b le  form fo r  v iew in g  which 

i s  fr e e  from errors due to  se g re g a t io n , or to  r e d isp e r s io n ,, or to  lo s s  

o f  dust in  h an d lin g . However Cartwright and Skidmore ( I 5) have shown 

how a therm al p r e c ip ita to r  u sin g  membrane coated  cover g la s s e s  may be  

u sed  to  overcome th e se  d i f f i c u l t i e s  and a lso  t h a t ,  u s in g  t h i s  tech n iq u e , 

a reason ab le f i t  i s  obtained , between th e  s iz e  a n a ly s is  curves fo r  a 

p a r tic u la r  dust clou d  u sin g  f i r s t l y  an o p t ic a l  m icroscope and secon d ly  

an e le c tr o n  m icroscope prov ided th a t the lower l im it in g  r e so lu t io n  and 

d if fr a c t io n  e f f e c t s  o f  th e former instrum ent are a llow ed  f o r .  I t  

appears th e re fo re  th a t ,  u sin g  th e  techn iqu e employed by th e  above, th e  

problem o f  e stim a tin g  th e very sm all p a r t ic le s  presen t in  a irborne  

c o l l ie r y  dust cou ld  be overcome i f  s u f f ic ie n t  tim e and m a ter ia ls  were 

a v a i la b le .

E lectron  D if fr a c t io n

J u st as an in te r fe r e n c e  p a ttern  may be obta ined  u s in g  v i s ib le  l i g h t  

and a d i f f r a c t io n  g ra tin g  on which th e  scra tch es are separated  by a  

d is ta n ce  o f  th e  same order as th e  w avelength o f  th e  l i g h t ,  s im ila r ly  an 

in te r fe r e n c e  p a ttern  may be obta ined  u s in g  an e le c tr o n  beam and a s in g le  

c r y s ta l  as d if f r a c t io n  g r a tin g , as th e in tera tom ic  d is ta n c e s  in  th e  

c r y s ta l  are fre q u en tly  o f  th e  same order as th e  eq u iv a len t wavelength  

o f  th e  in c id e n t e le c tr o n  beam. Such p a ttern s  may be obta in ed  u sin g  

th e  e le c tr o n  m icroscope type E.M.3 by means o f  s u ita b le  masking and 

fo c u ss in g  d e v ic e s . I f  a regu lar  in te r fe r e n c e  p a ttern  i s  obtained  i t  

i s  in d ic a t iv e  o f  a reg u la r  or c r y s t a l l in e  stru ctu re  in  th e  p a r t ic le  

exam ined, w h ile  an amorphous p a r t i c le ,  hav ing a random type o f  s tr u c tu r e ,  

g iv e s  r i s e  m erely t o  a d i f fu s e  h a lo  o f  l i g h t .  Some id e a  o f  c r y s ta l  s i z e  

may a lso  be obta ined  from th e se  in te r fe r e n c e  p a ttern s  as a s in g le  la r g e
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c r y s ta l  w i l l  g iv e  r i s e  to  an o rd erly  arrangement o f  sp o ts , w h ile  a 

number o f  sm all c r y s ta ls  w i l l  r e s u lt  in  a pattern  composed o f  a number 

o f  co n cen tr ic  c ir c le s  o f  l i g h t .

E lectron  d if fr a c t io n  p a ttern s  were ob ta in ed  fo r  most o f  th e a irborne  

c o l l ie r y  d u sts  c o l le c t e d .  Apart from d i f f u s e  h a lo s , th ree  ty p e s  o f  

in te r fe r e n c e  p attern  were ob ta in ed , f i r s t l y  p a ttern s  c o n s is t in g  o f  

variou s co n cen tr ic  c ir c le s  o f  l ig h t  from areas composed o f  numbers o f  

sm all c r y s t a l s ,  secon d ly  a c r o s s—g ra tin g  p a ttern  c o n s is t in g  o f  

d if f r a c t io n  sp o ts arranged in  hexagons from one type o f  c r y s t a l l in e  

p a r t ic le  and f i n a l l y  a c r o s s -g r a t in g  p attern  composed or r in g s  o f  sp o ts , 

in  which each r in g  o f  sp o ts  had a c e n tr a l d i f f r a c t io n  sp o t , from another  

type o f  c r y s t a l .  Examples o f  th e typ e  o f  in te r fe r e n c e  p a ttern  obta ined  

are shown in  P la te s  6 to  8 , but th e c r o s s -g r a t in  g p a ttern s  obtained  

could  not be d e f in i t e ly  e s ta b lish e d  as b e in g  due to  any p a r t ic u la r  type  

o f  c r y s t a l ,  although th e  hexagonal type o f  c r o ss -g r a t in g  p a ttern  

mentioned above was very s im ila r  to  th e p a ttern  obta ined  from m ica 

c r y s t a ls .

Apart from th e  d i f f i c u l t y  o f  e s ta b lis h in g  th e  source o f  a g iven  

c r o ss -g r a t in g  p a tte r n , th e  e le c tr o n  beam on ly  p en e tra te s  th e  c r y s ta l  

stru c tu re  to  a v ery  l im ite d  e x te n t , thus a c r y s ta ll in e , p a r t ic le  

p o sse ss in g  an outer amorphous, or B e ilb y  la y e r , could  e a s i ly  r e s u lt  

in  on ly  a d i f f u s e  h alo  o f  l ig h t  b e in g  obtained  on d i f f r a c t io n .  Apart 

from t h i s  fa c to r  an obvious s t a t i s t i c a l  fa c to r  i s  in v o lv ed  as specimen 

areas no more than 7 m icrons in  diam eter may be examined a t any one 

tim e and thu s a la r g e  number o f  such areas must be examined b e fo re  a 

r e l ia b le  con clu sion  may be reached as to  even th e  su rface  c r y s t a l l in i t y  

o f  a g iven sam ple.

In v iew  o f  th e se  drawbacks no p r a c t ic a l  s ig n if ic a n c e  i s  at p resen t  

g iven to  th e se  r e s u l t s .
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SPECIFIC SURFACE ESTIMATION

General

S p e c if ic  su r fa ce  data fo r  c o l le c t e d  a irb orn e dust samples were 

d esired  fo r  two rea so n s, f i r s t l y  to  a c t as a rough check upon th e  

r e s u l t s  o f  m icroscop ic  s iz e  a n a ly s is ,  and secon d ly  t o  estim a te  th e  

t o t a l  area a v a i la b le  fo r  r e a c t io n  in  a g iven  w e ight o f  dust as t h i s  

might w e ll in f lu e n c e  th e  v e lo c i t y  o f  any path ogen ic  r e a c tio n  ta k in g  

p la ce  w ith in  th e  lung© I t  i s  u n lik e ly , o f  co u rse , th a t th e  t o t a l  

a v a i la b le  su rfa ce  o f  th e  a irb orn e dust w i l l  be  th e  c h ie f  fa c to r  c o n tr o ll in g  

th e  v e lo c i t y  o f  th e  pathogen ic change tak in g  p la c e  in  the lu n g , p a r t ic u la r ly  

in  th e  case o f  a heterogeneou s dust such as c o a l mine d u st, but th e  su b ject  

i s  n e v e r th e le s s  worthy o f  in v e s t ig a t io n »

The s p e c i f ic  su rfa ce  o f  a powder may be e st im a te d  u s in g  a number o f  

d i f fe r e n t  tech n iq u e s , such as o p t ic a l  or e le c tr o n  m icroscopy, a ir  

p erm ea b ility  m ethods, low tem perature gas ad sorp tion , sed im entation  

tech n iq u e s , l ig h t  s c a t te r in g  methods and a v a r ie ty  o f  o th er  methods which 

are m o stly  developm ents o f  th e  above tec h n iq u e s . The th ree  methods o f  

s p e c i f ic  su rface  e stim a tio n  employed in  t h i s  work and th e  c o r r e la t io n s  

found to  e x i s t  between them a te  d isc u sse d  in  th e  fo llo w in g  t e x t .

O ptica l M icroscopy

The p a r t i c le  s iz e  d i s tr ib u t io n  o f  a dust may a c cu ra te ly  be determ ined  

u sin g  an e f f i c ie n t  o p t ic a l  m icroscope prov ided th a t th e  dust i s  

s u b s ta n t ia lly  above 0.3-<A in  minimum p a r t ic le  s iz e  and prov ided th a t  

d isp ers io n  errors can be  e lim in a te d . The s p e c i f i c  su rface  o f  th e  dust 

( 7 ) may then be determ ined, i f  c e r ta in  assum ptions are made w ith  regard  

to  p a r t ic le  sh ap e.

S p e c if ic  su r fa c e , as cu stom arily  d ef in ed , i s  th e  su rface per gram 

o f  m a te r ia l. Expressed in  th e  form o f  an equation  ;

S =  (7)
^ ( E n  v )
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2
where S =. s p e c i f ic  su rface  in  cm / g .

p  = tru e  d e n s ity  o f  p a r t ic le s  in  g./cm^

V  = v o l u m e  o f  a g i v e n  p a r t i c l e  i n  c m ^

2
s = su rface  area o f  a g iven  p a r t i c le  in  cm

o r , assuming geom etr ica l s im i la r i ty  between th e   ̂

p a r t ic le s  and p u ttin g  v = y 'd ^  and s *  ^  where 3"

and ^  are shape f a c t o r s ,  we have

 «

Hence i t  fo llo w s  th a t

‘ 3 -  z!?   ®

i s  th e  average d iam eter from which th e  s p e c i f ic  su rface  can be determ ined  

knowing th e shape fa c to r  . I f  th e  d iam eter i s  r e s t r ic t e d  to  6 v /s

as in  th e  c a se s  o f  th e  d iam eter o f  a sp h ere, th e  s id e  o f  a cube, or th e  

harmonic mean o f  th e  s id e s  o f  a rectan gu lar  par a l l  e llo p ip e d , then  

m a in ta in ing gecaaetrio s im i la r i t y .

S = — — —  --------  or S =  (10)

The use o f  equation  (10) in  con ju n ction  w ith p a r t i c le  s iz e  

d is tr ib u t io n  data  to  ob ta in  a s p e c i f ic  su rface va lu e  th r e fo r e  in v o lv e s  

two assum ptions, namely th a t th e  p a r t ic le s  d is p la y  geom etric s im i la r i t y  

to  each o th er  and th a t th ey  are approx im ately sp h e r ic a l in  sh ap e. As 

w i l l  be seen on exam ination o f  th e  electronm icrographs shown in  P la te s  

1 to  5 n e ith e r  o f  th e se  assum ptions j u s t i f i e d  w ith regard to  a irborne  

c o a l mine d u s t s .  I t  i s  however d i f f i c u l t  to  e stim a te  th e  shape fa c to r  

y  and to  a llo w  fo r  th e  la ck  o f  geom etr ica l s im ila r i ty  between
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p a r t i c le s ,  and equation  (10) i s  g e n e r a lly  r e so r te d  to  when e s t im a tin g  

th e  s p e c i f ic  su rfa ce  o f  a dust from s iz e  d i s tr ib u t io n  data , although  

th e  r e s u lt  can be regarded as no more than a rough approx im ation.

I t  w i l l  be seen  th a t  u s in g  equation  (1 0 ) , i t  i s  n ecessa ry  to  know 

th e  tru e  d e n s ity  o f  a dust in  order to  e stim ate  i t s  s p e c i f ic  s u r fa c e .  

The d e n s i t ie s  o f  th e  dust sam ples were th e r e fo r e  determ ined u s in g  th e  

normal pycnom etric method, m od ified  s l i g h t l y  as i t  was found n e c e ssa ry  

to  apply vacuum to  th e  samples b e fo re  th e  f i n a l  w e igh ing to  remove 

occluded  a ir  bubbles in  th e co n ta in in g  l iq u id .

The ta r e d  d e n s ity  b o t t l e s  co n ta in in g  known w e igh ts o f  dust samples 

were th e r e fo r e  h a l f - f i l l e d  w ith  a co n ta in in g  l iq u id  and sloidyevacuated  

in  a vacuum d e s ic c a to r , b e in g  f i n a l l y  evacuated to  a p re ssu re  o f  10 mm. 

Hg. and l e f t  under vacuum fo r  24 h ou rs . The vacuian was th en  r e le a se d  

and th e  b o t t l e s  topped-up b e fo re  th e  f i n a l  w e igh ing .

Water was found to  be u n s a t is fa c to r y  as a co n ta in in g  l iq u id  owing 

to  i t s  h igh  su rfa ce  te n s io n , which prevented  th e  dust from b e in g  w etted , 

and le d  to  sp la sh in g  w ith  lo s s  o f  s o l id  in  th e  subsequent e v a c u a tio n . 

Kerosene was found to  wet th e  su rfa ce  o f  th e  dust e f f i c i e n t l y ,  but 

r e s u lte d  in  th e  slow  d is s o lu t io n  o f  some o f  th e  dust c o n s t itu e n ts  

render ing  i t  u n su ita b le  fo r  subm ission  to  any subsequent a n a ly t i c a l  

process® 1^ aqueous s o lu t io n s  o f  var iou s s a l t s  were next exam ined 

fo r  s u i t a b i l i t y  a s co n ta in in g  l iq u id s  and a 1Ĵ  aqueous s o lu t io n  o f  

”T eepol” (sodium s a l t  o f  dodecyl benzene su lph on ic  a c id ) was found to  

be s à t is f a c t o r y  a lthough o th er  acqueous s a l t  so lu tio n s  might w e ll  be  

eq u a lly  e f f e c t i v e .

The d e n s ity  b o t t l e s  were therm o sta ted  in  a w ater bath  b e fo r e  

perform ing th e  f i n a l  w e igh ing and th e  d e n s ity  o f  th e  c o n ta in in g  l iq u id  

was taken to  b e  th a t  o f  water a t  th e  tem perature o f  th e  bath  a f t e r  a 

sm all c o r r e c tio n  (+0*003 g . / c c . )  had been a p p lied  to  a llo w  fo r  th e  

d is so lv e d  "Teepol” .

The v a lu e s  ob ta in ed  fo r  th e  apparent d e n s i t ie s  o f  v a r io u s dust 

samples o m ittin g  and in c lu d in g  th e evacu ation  s te p  are g iven  in  Table 7 #
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As i s  to  be expected, th e  d en s ity  f ig u r e  obta ined a f t e r  evacuation  

had been employed i s  grea ter  than th e  f ig u r e  obta ined where no 

evacuation  step  was in c lu d e d . I t  w i l l  be seen th a t th e  d e n s it ie s  o f  

the c o l l ie r y  dust samples were norm ally between 1 .5  g . / c c .  and 2 .0  g . / c c . ,  

which seems reasonable s in c e  the s p e c i f ic  grav ity  o f  pure co a l i s  between  

1 .25  and 1 .4 , o f  sh a le  2 .5 ,  and o f  p y r i te s  5*

Table 7 

DENSITIES OF DUST

Dust
S i l i c a  Dust Coal Dust

M.S.C. D.R.G. C .l P.1 c .4

Apparent d e n s ity  om ittin g  
evacuation  step  ( g . / c c . ) 2 .5 5 2Jt6 1 .09 1.49 1.53

Apparent d e n s ity  in c lu d 
ing  evacuation step  
( g . / c c . )

2 .65 2.66 1 .75 1 .75 1 .90

Using the techn ique describ ed  above th e  d e n s ity  o f  each dust sample 

may be e s ta b lish e d  to  -  2fo using one gram o f  dust in  25 m l. o f  con ta in in g  

l iq u id , and th e dust recovered  a fte r  f i l t r a t io n  and washing i s  unaltered  

and su ita b le  for  subm ission to  subsequent a n a ly t ic a l p r o c e s s e s .

The m icroscopic method o f  estim atin g  th e  s p e c i f ic  su rface  o f  a dust 

i s ,  o f  course, a lso  su b ject to  errors incurred in  determ ining the s iz e  

d i s tr ib u t io n . Thus both d isp er s io n  and sampling erro rs , as described  in  

th e  se c t io n  on o p t ic a l m icroscopy, may have a con sid erab le  in flu e n c e  on 

the r e s u l t .  The e f f e c t s  o f  both d isp ersio n  and sampling errors are 

shown in  Table 8 , which g iv e s  th e  s p e c if ic  su rface va lues c a lc u la te d  for  

four a irborne dust samples from s iz e  d is tr ib u tio n  data, obtained by 

exam inining s l id e s  prepared in  th ree  d if fe r e n t  ways under th e  o p t ic a l  

m icroscope. The s l id e s  were obta ined (a) by r ed isp er s in g  the c o lle c te d  

dust by spray ing, (b ) by a therm al p r e c ip ita to r  underground, but w ithout 
any e f fo r t  to  ensure th at the s l id e  taken was rep re sen ta t iv e  o f  the
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average con d ition  o f  the dust c lou d , and (c )  by s e le c t io n  from a number 

o f  therm al p r e c ip ita to r  s l id e s  taken underground so th a t  th e  s l id e  

s e le c te d  was r ep re sen ta t iv e  o f  th e  mean con cen tration  o f  th e  dust 

during c o l le c t io n .

Table 8

E ffe c t  o f  D isp ersion  and Sampling Errors on S p e c if ic  Surface  

(V alues obtained u sin g  the o p t ic a l  M icroscope)

Sample

Épecii^ic Surface (cm ^ /g .)
Value obta ined  
u s in g  s l id e  as  

in  (a )

Value obta ined  
u sin g  s l id e  as  

in  (b )

V alue obta in ed  
u s in g  s l id e  a s  

in  (c)

6.2 3,470 7,000 5,200

C.3 3,300 4,700 5,360

C.4 3,100 5,550 5,360

3.KJf. 4,170 7,300 9,220

I t  i s  seen  th a t  th e  r e su lt  i s  in v a r ia b ly  low er u sin g  s l id e s  obtained  

a s  in  ( a )  than th e  r e s u lt  obtained u s in g  s l id e s  o f  ty p e s  (b ) or (c )  due 

to  in a b i l i t y  to  com pletely  r ed isp e r se  th e  c o l le c t e d  d u s t . However th ere  

i s  seen t o  be  an approximate agreement as to  order o f  magnitude between  

th e  r e s u lt  u sin g  s l id e s  obtained as in  (c )  above and th e  r e s u lt  u s in g  

s l id e s  o f  typ e (a )  and th e  r a t io  o f  th e  two r e s u l t s  i s  a lso  approxim ately  

con stan t*  No such c o rre la t io n  e x i s t s  between s l id e s  o f  typ es ( a )  and ( b ) 

and t h i s  i s  ob v iou sly  not due to  v a r ia t io n  in  th e  d isp e r s io n  error but 

t o  th e  presence here o f  a la rg e  sam pling error in  ad d itio n  to  th e  

d isp e r s io n  e rr o r , no e ffo r t  hav ing been made w ith  s l id e s  obtained  as in  

(b) above t o  ensure th a t th e  s l id e s  were r e p r e se n ta t iv e  o f  th e  average  

co n d itio n  o f  th e  dust cloud c o l le c t e d .
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To obta in  a r e l ia b le  value fo r  th e  s p e c i f ic  su rface o f  a dust from 

o p t ic a l  s iz e  d is tr ib u tio n  data i t  i s  th ere fo re  n ecessary  to  estim ate  th e  

shape fa c to r  o f  the dust and to  estim ate or e lim in ate  th e  d isp er s io n  and 

sampling errors in vo lved  in  determ ining th e  s iz e  d is tr ib u t io n  data*

These o b s ta c le s  can be overcome in  p r a c tic e  only  a t th e  expense o f  a 

great d ea l o f  labou r.

A ir  P èrm eab ility  Methods

The s p e c i f ic  su rface  o f  a powder may be determ ined from known 

c o r r e la t io n s  by form ing a packed bed o f  known p o r o s ity  and depth from 

th e  powder and measuring th e  pressure developed across th e  bed fo r  a 

given gas flow* The p o r o s ity  o f  a packed bed i s  o f  course r e a d i ly  

c a lc u la te d , i f  th e  tru e  d e n s ity  o f  th e  powder i s  known, from th e  

dim ensions and weight o f  th e  bed.

The p a r t ic u la r  adaptation o f  t h i s  techn ique employed in  t h i s  work 

was th e  Lea and Nurse method, fo r  which apparatus was r e a d i ly  a v a i la b le ,  

and th e  s p e c i f ic  su rfaces o f  th e  dust samples employed were c a lc u la te d  

u s in g  a development o f  th e  Carman equation ( l6 )  which c o rr ec ts  fo r  

**slip—flow** o f  gas around th e s id e s  o f  th e compacted bed . T h is  

équation i s  shown below to g eth er  w ith th e  p a r t icu la r  va lu es o f  th e  

constan ts which ap p lied  in  t h i s  case*

^  X CIK »  1 Ç Z  1  ( 2 € , x X  )€Ag F  t  (i - êl/» J s -----
where hg — d if fe r e n c e  in  h e ig h t on flowm eter (cm»)

h, =  d if fe r e n c e  in  h e igh t on manometer (cm»)

C s  flowm eter constant (4*006 x  10 in  t h i s  case)

L » bed depth ( l  cma, in  t h i s  case)

K »  co rrec tio n  fa c to r  «  5

6  at p o r o s ity
A at cross*^sectional area o f  bed ( 5*07 o m̂* , in  t h i s  case)

(1 1 )
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2
g at g r a v ita t io n a l con stan t «  581 cm . / s e c .

2
S  = S p e c if ic  su rface  (cm* /g * )

P at tru e  d e n s ity  o f  s o l id  (g*/cm*^)

X at c o rr ec tio n  fa c to r  = 0*874

^  « mean fr e e  path o f  gas m olcéüles ( 9»6 x 10~^ cm* in  t h i s  c a se )

I t  was found th a t a p o r o s ity  o f  th e  order o f  0*475 was req u ired  in  

order t o  ob ta in  rep rod u cib le  r e s u lt s  and i t  can be seen  from th e  dim ensions 

o f  th e  apparatus employed th a t such a p o r o s ity  r eq u ire s  2*66 cc* or 

approxim ately 5 g* o f  dust* I t  was on ly  p o s s ib le  th e r e fo r e  to  ob ta in  

th e  s p e c i f ic  su rface o f  a few la rg e  dust samples u sin g  th e  a v a i la b le  
apparatus *

However u s in g  th e se  q u a n t i t ie s  o f  dust i t  was p o s s ib le  to  determ ine 

a s p e c i f ic  su rface  va lu e  fo r  a c o l l ie r y  dust sample which was reproducib le  
to  w i€h in  ^  1. ^  and i t  i s  probable th a t no ap p reciab le  d e te r io r a t io n  

in  r e p r o d u c ib ility  would have r e s u lte d  i f  th e aparatus had been m od ified  

fo r  u se  w ith  a a a a lle r  dust c e l l*  I n s u f f ic ie n t  tim e was however a v a ila b le  

fo r  t h i s  t o  be done*

Low Temperature Gas Adsorption

îh e  s p e c i f ic  su rface  o f  a f in e  d u st , such as airborne c o l l ie r y  du st, 

may be  obta in ed  from measurements o f  th e  p h y s ic a l adsorption  o f  a ga s, 

near i t s  b o i l in g  p o in t , upon th e  su rface  o f  th e  dust* Süch measurements 

are employed to  ob ta in  an adsorption  isotherm  fo r  th e  dust^ from which i t  

i s  norm ally p o s s ib le  to  estim a te  th e  volume o f  gas n ecessary  to  form a  

monomolecular f ilm  around th e  sample and hence, knowing th e  area occupied  

by one ga s m olecu le, i t  i s  p o s s ib le  t o  c a lc u la te  th e  s p e c i f ic  su rface o f  

th e  sample*

The apparatus employed in  th e se  in v e s t ig a t io n s  i s  shown d iagram atioally  

in  P ig  10 and i s  seen  to  c o n s is t  e s s e n t i a l ly  o f  a sample b u lb , ca lib ra ted  

gas b u r e tte , manometer, McLeod Gauge and h igh  vacuum pumping system* Ths 

adsorbent, which was requ ired  t o  have a su rface  area o f  more than  two
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square m etres, was evacuated  in  s i t u  to  10 mm* Hg. a t 110^0 to  

remove water vapour and p h y s ic a lly  adsorbed g a s s e s .  The "dead sp a ce ” 

above th e  adsorbent was then  measured u s in g  pure helium * A volume 

o f  helium  was adm itted t o  th e  b u re tte  and measured in  th e  u su a l manner* 

A fte r  th e  d e s ired  c o ld  bath ( l iq u id  n itro g en  a t  77 -  78°K or liq u id , 

oxygen a t  50°E) had been p laced  around th e  sample b u lb , th e  sto p -o o ck  

t o  th e  evacuated sample bulb  was opened and th e  ”dead sp ace” was 

determ ined b y  aga in  m easuring th e volume o f  helium  in  th e  b u rette*

The ad sorption  o f  helium  a t t h i s  tem perature i s  s u f f ic ie n t ly  low t o  

be n eg lected *  The system  was then  evacuated to  10 mm* Hg. and 

th e  ”dead space” e stim a tio n  was rep eated  to  check any error* The 

system  was then evacuated to  10"^ mm* Hg* once more in  order t o  remove 

helium , and th e  stop -cock  t o  th e  sample bulb  was c lo sed *

The adsorbate u sed  in  th e se  experim ents was n itrogen  on account 

o f  i t s  in e r tn e ss  towards th e  t y p i c a l  adsorbent, a irborne c o l l ie r y  

d u s t , and a s u ita b le  volume o f  t h i s  gas was now adm itted to  the b u re tte  

and i t s  volume was measured, th e  stop -cock  t o  th e  evacuated sample was 

then  opened and th e  volume o f  n itrog en  rem aining in  th e  b u rette  was 

m easured, a fte r  t im e  had been a llow ed  fo r  e q u ilib ra tio n *  The volume 

o f  gas adsorbed i s  then g iven  by th e  equation

\  \  (1 +«K) \ ------------------------------ (12)

where V =  volume o f  n itro g en  adsorhed by sample (N .T .P .)

*3- t o t a l  volume o f  n itrogen  which has besn admitted  

t o  th e  system  (N*T*P*)

^h ** volume o f  adsorbate req u ired  t o  f i l l  the ”dsad sp ace”'
to  th e  p ressu re , p , o f  th e  experim ent,

sc c o r r e c tio n  fa c to r  req u ired  t o  ta k e  in io  account 

th e  gas im perfection  o f  th e  adsorbate a t ths  

tem perature o f  th e  c o ld  bath*

* volume o f  n itr o g en  rem aining in  b u retie  a fter  

ad sorp tion  (N*T*P)
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By rep ea ted ly  add ing more n itrogen  t o  th e  system and n o t in g  th e  

volumes adsorbed a t th e  var iou s pressure v a lu e s  an ad sorp tion  isotherm  

may be drami fo r  th e  m a te r ia l.

The u se  o f  such an isotherm  in  measuring th e  surface area  o f  a 

sample o b v io u sly  e n t a i l s  (a )  s e le c t in g  a p o in t on th e  curve 

corresponding t o  th e  com pletion o f  a monolayer o f  adsorbed m olecu les  

and (b) a s s ig n in g  a va lue fo r  th e  average area covered by each adsorbed  

m olecule ( l? ) »  The s e le c t io n  o f  th e  p o in t corresponding t o  a monolayer 

i s  th e  crux o f  th e  e n t ir e  problem and both  an em p ir ica l and a  

th e o r e t ic a l  method have been d er ived . In  a ss ig n in g  a va lu e  to  the  

average area occupied by an adsorbed m olecule i t  has seemed reasonable  

to  c a lc u la te  th e  d iam eter o f  th e  adsorbed m olecu les from th e  d e n s it ie s  

o f  th e  l iq u e f ie d  or 6f  th e  s o l id i f ie d  ad sorb ate. I f  th e  p h y s ic a lly  

adsorbed m olecu les are c lo s e  packed on th e  su rface  one a r r iv e s  at the  

fo llo w in g  equation  fo r  th e  average area per m olecu le.

area per m olecu le *  4  (0 *866) M ¥
/ y /  2 K/»;r

( 15)

where M =  m olecular weight o f  gas 

N *  Avogadro*s Number
yp = d e n s ity  o f  s o l i d i f i e d  or l iq u e f ie d  gas

T h is equation  i s  d er ived  on th e  assumption th a t th e  m olecu les are  

hexagon ally  c lo se-p ack ed  in  th e  s o l i d i f i e d  and in  th e  l iq u e f ie d  g a s .

For s o l id  n itr o g e n , argon, carbon monoxide and a number o f  other ga ses  

such c lo se -p a ck in g  i s  known to  e x i s t ,  s in ce  th e se  ga ses iràien s o l id i f ie d  

have fa c e  cen tred  cubic pack in g . The va lu es fo r  l iq u id  n itrogen  are  

17.0 A ^ (90°K) and 1 6 ,2  i   ̂ (77 «  78°K)

The ty p e  o f  ad sorp tion  isotherm  obta in ed , u s in g  l iq u id  n itrogen  

as c o o la n t, fo r  b oth  commercial s i l i c a  dust and airborne c o l l ie r y  dust 

i s  shown in  T ig s  11 and 1 2 . I t  w i l l  be seen th a t both  curves are  

sigm oidal in  form and i t  i s  fo r  t h i s  so r t  o f  curve th a t  th e  r e la t io n sh ip s
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govern ing p h y s ica l adsorption o f  a gas upon a s o l id  have been m ost 

f ir m ly  e sta b lish ed *

On th e  b a s is  o f  con sid erab le  em p ir ica l in form ation  th e  p o in ts  X 

on the cu rves, corresponding to  th e  s ta r t  o f  th e  l in e a r  se c t io n s  o f  

the iso th erm s , have been consid ered  to  correspond approxim ately  t o  

com pletion o f  a monolayer o f  adsorbed gas fo r  some tim e* More r e c e n t ly  

however Brunauer, Emmett and T e lle r  (18) have develop ed  a th eory  to  

exp la in  th e se  s ig n o id a l type adsorption  isotherm s wh ich p o s tu la te s  th e  

b u i ld in g  up o f  m ultim olecu lar adsorp tion  la y er s  on th e  p a r t ic le  su r fa c e s , 

They c a rr ied  out a d e r iv a tio n  fo r  m ultim olecular la y e r s  th a t i s  s im ila r  

to  Langmuir*s d er iv a tio n  fo r  unim olecular la y er s  and by means o f  a 

s im p lif ie d  summation obtained  th e  fo llo w in g  equation*

P  1 ( c  “  l ) p

+  Z - T - : ----------------------------------------- ( 1 4 )

O

where v = volume o f  gas adsorbed when th e  e n t ir e  adsorbentm
su rface  i s  covered w ith a com plete un im olecular f la y e r . 

p^ = l iq u e fa c t io n  p ressu re  o f  th e  adsorbate a t the

tem perature o f  th e  experiment 
c -  constant which i s  dependent on th e  d if fe r e n c e  in  th e

energy o f  ad sorp tion  between th e  f i r s t  (e^) and 

subsequent (Eg, E^) ****** e tc * )  la y e r s  and i s  

approxim ately g iven  by o ^ ^ 1

The a p p lic a tio n  o f  equation (I 4 ) i s  to  f in d  V^* A p lo t  o f  

^  versu s ^ y ie ld s  a  s tr a ig h t l in e  f to a  th e

grad ien t and in te r c e p t  o f  which both v^ and c can be ca lcu la ted *

The method has two advantages over th e  grap h ica l s e le c t io n  o f  p o in t X, 

namely th at i t  i s  not su sc e p t ib le  to  the u n cer ta in ty  th at i s  in v o lv ed  

in  s e le c t in g  p o in t X g ra p h ica lly  and th a t fewer experim ental read in gs  

are req u ired .
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Both l iq u id  n itrogen  and l iq u id  oxygen were used 4 s  co o la n ts  

in  th e se  in v e s t ig a t io n s , th e  l iq u é fa c t io n  pressure o f  n itrogen  a t  

th e  temperature o f  l iq u id  oxygen (90*2^K) fo r  u se  in  equation ( I 4 )  

b e in g  c a lc u la te d  from th e formula developed by Dodge and Davis ( I 9) 

a s  approxim ately 273 cm. Hg. The d isadvantage o f  u s in g  l iq u id  

n itrogen  as a coolant i s  th a t th e  bath slow ly  condenses oxygen from 

th e  surrounding atmosphere, and hence slow ly  r i s e s  in  temperature 

throughout th e  run . The l iq u e fa c t io n  pressure o f  th e  n itrogen  

ad sorb ate, p^, w i l l  th ere fo re  not be atm ospheric p ressu re  but some 

in d eterm in a te ly  h igher f ig u r e  depending on the amount o f  oxygen 

d is so lv e d  in  th e  b a th . T h is e f f e c t  or r is in g  bath—temperature i s  

shown in  F ig s 12 and 13 as the isotherm s do n ot become asym ptotic 

to  th e  y -a x is  u n t i l  w e ll above atm ospheric .p ressu re ..— .Using ImquTd 

oxygen as coolan t t h i s  e f f e c t  i s  e lim in a ted , but s in c e  1*5 ttm ospheres 

i s  about th e  maximum sa fe  pressure which may be used in  normal g la ss  

apparatus, th e adsorption  isotherm s ob ta in ab le  are consequently  

l im ite d  to  f a i r l y  low r e la t iv e  pressures in  t h i s  case* -

In order to  in v e s t ig a te  which o f  th e se  co o la n ts  would be most 

e f f e c t iv e  in  e stim a tin g  s p e c i f ic  su rfaces n itrogen  adsorption runs 

were performed in  d u p lica te  on two dust samples (commercial *D*R.C»" 

s i l i c a  dust and airborne c o l l ie r y  dust sample C.4 . )  u s in g  both l iq u id  

n itrogen  and l iq u id  oxygen as c o o la n ts , on approxim ately 4  g. o f  du st, 

about the most l i k e l y  to  be obta ined  in  underground c o l le c t io n s ,  and 

p lo t t in g  th e  ad sorption  isotherm  up t o  pressu res o f  about 1 *5 

atm ospheres. The r e s u l t s  g iven  in  Table 9 show th e  e f f e c t  of r is in g  

bath tem perature, when u s in g  l iq u id  n itrog en  coolant by th e  j l i ^ t l y  

low er average r e s u lt  obtained in  t h i s  c a s e . However th e  rejroduc— 

i b i l i t y  u s in g  l iq u id  n itro g en  as coolant i s  much h igher than th a t  

obta ined u s in g  l iq u id  oxygen and t h i s  i s  undoubtedly due to  The 

u n cer ta in ty  o f  determ ining th e  monolayer adsorption volume, owing 

to  th e low l im it  p laced  upon the r e la t iv e  pressure obta inable u s in g
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th e  l a t t e r  coolan t * Agreement between th e  va lu es fo r  s p e c i f ic  

su rface obta in ed  u sin g  l iq u id  oxygen as coo lan t was not m a te r ia lly  

improved, by apply ing th e method o f  l e a s t  mean squares to  o b ta in  the  

b e s t  p o s s ib le  so lu tio n  o f  equation (I4 ) from th e  exper im ental r e s u lt s ,

Table 9

Comparison o f  Coolants employed in  B.E.T#Method

Coolant employed L iquid N itrogen L iqu id  Oxygen

Dust employed D.R.C.
( S i l i c a ) (C oal)

D.H.C # 
( S i l i c a )

C*4.
(Coal)

S p e c if ic
Surface
(cm / g . )

Run 1 55 ,200 54,800 51 ,600 81 ,000

Run 2 51,700 51 ,900 61 ,2 0 0 55 ,600

Average 52 ,450 55,550 56 ,400 58 ,500

In order to  obta ined  rea son ab le  accuracy conven iently; i t  i s
th ere fo re  b e t te r  t o  employ l iq u id  n itrog en  as coo lan t although th e

slow ly  r i s in g  bath  tem perature w i l l  lea d  to  th e  production o f  an error

i f  equation ( I 4 )  i s  ap p lied  to  th e  r e s u lt s  and th e  va lu e  o f  taken

to  be atm ospheric pressure as shown in  P ig  13* T h is source o f  error

can be la r g e ly  reduced however and a rea son ab le  approximation t o  th e

va lu e o f  V may be obta ined i f  any o f  the fo llo w in g  exp ed ien ts are  m
adopted, namely (a )  d ir e c t  p lo t t in g  o f  th e  isotherm  to  g iv e  v^ as  

p rev io u sly  d escr ib ed , or (b) u s in g  equation (I4 ) &zid con fin in g  the  

v a lu e s  employed in  i t s  so lu tio n  t o  r e la t iv e  p ressu res o f  l e s s  than  

0 *5 , or (c )  g ra p h ica l in te r p o la t io n  fo r  a va lu e  o f  p  ̂ such th a t  

equation (I 4 ) becomes l in e a r  and th en  so lv in g  th e  equation u s in g  a l l  

th e  r e s u l t s  a v a i la b le .  As shown in  Table 10 l i t t l e  v a r ia t io n  e x i s t s  

between th e  va lu es o f  s p e c i f ic  su rfa ce  obta ined from g iven exper im ental 

r e s u lt s  u s in g  any o f  th e  above methods o f  c a lc u la t io n .
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Table 10

V ar ia tion  o f  B .E .T . R esu lt w ith Method o f  C a lcu la tion
2

S p e c if ic  Surface V alues (cm / g . )

Dust employed
Method o f  C a lcu la tion

(a )  above (b ) above (c )  above

D.R.C. ( S i l i c a ) 54,600 55 ,200 56,400

C4-. (Coal) 52,550 54,800 56,200

When l iq u id  n itrogen  i s  employed as coo lan t a r e p r o d u c ib ility  o f 

b e tte r  than -  10^ i s  ob ta in ab le  in  th e s p e c i f ic  su rface va lu es from

low temperature ad.sorption determ inations ca rr ied  out on 4 g# o f  dusts  

o f the type c o lle c te d  in  th e se  in v e s t ig a t io n s .  The exper im ental 

error i s  however p ro p o rtio n a te ly  in crea sed  as th e  t o t a l  su rface  

a v a ila b le  fo r  adsorption i s  decreased and thus approxim ately 1 g# o f  

ty p ic a l  airborne c o l l ie r y  dust i s  req u ired  in  order to  g iv e  a

r e p r o d u c ib ility  o f  -  

C orrelation  between Methods

The va lu es obtained fo r  the s p e c i f ic  su rface  o f  f iv e  d i f fe r e n t  

du sts determ ined by four d i f fe r e n t  methods, namely (tt) low temperature 

n itrogen  ad sorp tion , (b) the Lea and Nurse a ir  p erm eab ility  method,

(c) m icroscopic a n a ly s is  o f  a therm al p r e c ip ita to r  s l id e  taken from 

the o r ig in a l dust cloud and r e p r e se n ta t iv e  o f  i t s  mean con cen tration  

and (d) m icroscopic a n a ly s is  o f  th e  c o lle c te d  dust a f te r  red isp ers io n , 
are g iven in  Table 11 . I t  w i l l  be seen th a t th e  va lu es obtained for  

th e  s p e c if ic  su rface  o f  any o f the samples decrease in  th e order 

(a ) (b) (c )  (d) and t h i s  i s  in  accordance w ith the r e s u lt s

o f  other workers ( 20) ( 21)
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Table 11

Comparison o f  Methods fo r  S p e c if lp  Surfaoe D eterm ination

Dust Sample

S p e c if ic  Su rface  (cm ^/g.)

Lo^xemp
N itrogen
A dsorption

(b)

Lea & Nurse

M icroscopic A n a ly s is
to )

T .P . S l id e
Id)

M.S.C. S i l i c a 51,500 15 ,100 - 5 ,970

D.R.C. S i l i c a 52 ,450 16 ,000 - 6 ,780

C. 1 Coal 26 ,100 12,560 - 4 ,5 2 0

Po 1 Coal 27 ,700 12,480 - 4 ,5 5 0

C. 4 Coal 53 ,350 12,280 5 ,5 9 0 5 ,1 1 0

The in c re a se  in  th e  s p e c i f ic  su rfa ce  value obtained, u sin g  method 

(o ) over th a t ob ta in ed  u s in g  method (d ) above i s  to  be expected owing 

to  th e  absence o f  any d isp e r s io n  error when method (o ) above i s  em ployed. 

S im ila r ly  th e  in c r e a se  in  s p e c i f ic  su rfa ce  value ob ta in ed  u s in g  an a ir  

p erm ea b ility  method over th a t ob ta in ed  u s in g  m icroscop ic  a n a ly s is  may 

a ls o  be r e a d i ly  exp la in ed  by th e  f a c t  th a t th e  p a r t i c le s  are no lo n g er  

tr e a te d  as eq u iv a len t spheres u sin g  t h i s  method® T h is  assum ption, 

which i s  in  fa c t  u n j u s t i f ie d  w ith regard  t o  a irborne c o l l ie r y  d u st , 

was made when c a lc u la t in g  s p e c i f ic  su r fa ce s  from m icroscop ic  d is tr ib u t io n  

data and b e t te r  c o r r e la t io n  between th e  a ir  p erm ea b ility  r e s u lt s  and th e  

m icroscop ic  r e s u l t s  might w e ll  have been ach ieved  i f  a r e l ia b le  shape 

fa c to r  fo r  th e  dust had been o b ta in a b le .

The in c r e a se  in  th e  s p e c i f ic  su rface  va lu es o f  d u sts as c a lc u la te d  

from low  tem perature n itr o g en  ad sorp tion  isotherm s over th o se  c a lc u la te d  

from a ir  p erm ea b ility  methods or m icroscop ic  a n a ly s is  req u ires a more
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lengthy explanation. I t  i s  assumed in  air-perm eab ility methods that 
the bed o f powder behaves as a bundle o f  c a p illa r ie s . In consequence, 
only the surface o f the continuous paths through the m aterial w il l  
contribute to  the measured sp ec ific  surface area. This area i s  not 
the same as that measured by adsorbing a gas on the surface o f a 
powder where a l l  the surface accessib le  to  gas molecules o f the type 
used w i l l  contribute and there w i l l  therefore be a general trend for  
re su lts  obtained from adsorption data to  be larger than those obtained 
by a perm eab ility method. This d ifference may be accentuated i f  the 
powder has an appreciable in tern al surface due to  cracks, in tern al 
pores and other ir r e g u la r it ie s  and, in  addition the perm eab ility  
methods may not measure the f u l l  external surface o f the powder because 
of the formation of b lind  pores during compaction.

Thus when a very much larger sp ec if ic  surface figure i s  obtained 
using a low temperature adsorption method than the sp ec ific  surface 
figure obtained by an a ir  perm eab ility method on the same powder, 
p articu larly  where the powder i s  coarse and the ra t io  between the 
re su lts  i s  greater than 10, a considerable in tern al surface i s  
indicated  in  the powder. “Where the ra t io  o f  the two re su lts  i s  in  
the range 2 to 5, however, as was found to be the case in  these  
experiments, no d e f in ite  conclusion on the presence or absence o f  
in tern a l surface can be drawn, a lth o u ^  i t  seons l ik e ly  that at le a s t  
a small amount o f some form o f in ternal surface may have been present.

I t  i s  however obvious th at, wh ile agreement w ithin any one method 
i s  f a ir ,  agreement between d ifferen t methods i s  poor, each method 
g iving a completely d ifferen t range of answers.

Conclusions

The method to  be employed in  measuring the sp ec ific  surface o f  
an airborne c o llie r y  dust w i l l  depend on the particu lar aspect o f  
the properties of the dust under consideration. I f  a b il i ty  to  
penetrate to  the term inal a ir  sacs o f the lung i s  the question under
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c o n sid er a t io n , then  th e  ex tern a l su rface  o f  th e  p a r t i c le s  i s  th e  

primary fa c to r  concerned and m icroscop ic a n a ly s is  co rrec ted  by th e  

use o f  a su ita b le - shape fa c to r  or an a ir  p erm eab ility  method, 

p re fera b ly  adapted fo r  u se  w ith  sm all amounts o f  d u st, may be employed. 

The l a t t e r  method has th e  advantage o f  b e in g  much th e  more rap id  o f  

th e  two m ethods.

I f  th e  fa c to r  under c o n sid er a t io n  i s  th e  t o t a l  su rface  a v a i la b le  

to  take p art in  a heterogeneou s chem ical r e a c t io n , then i t  i s  probablp  

th a t a low tem perature ad sorp tion  method should be adopted although  

t h i s  techn iqu e i s  ra th er  len g th y  and req u ire s  r e l a t i v e l y  la rg e  amounts 

o f  d u st .

In  in v e s t ig a t io n s  o f  t h i s  type however, i t  i s  probably b e s t  m erely 

to  check th e  r e s u lt s  o f  o p t ic a l  m icroscopy b y  means o f  a su ita b ly  

adapted a ir  p erm ea b ility  method, which can be executed  r a p id ly  u sin g  

sm all q u a n t it ie s  o f  d u s t .
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SmŒNATION OF COLLIERY DUSTS BY X-RAY DIFFRACTION 

In troduction

S in ce  th e  w avelength o f  X -^ays, commonly 0*1 to  1 i s  o f  the  

same order as th e  in tera tom ic  d is ta n c e s  in  ty p ic a l  c r y s ta l  s tr u c tu r e s ,  

c r y s ta ls  a c t in  th e  manner o f  d i f f r a c t io n  g r a tin g s  when ir r a d ia te d  "by 

X-rays and g iv e  r i s e  to  in te r fe r e n c e  p a tte r n s . The d is ta n c e s  between  

th e  var ious in te r fe r e n c e  bands i s  dependent upon th e  in tera tom ic  

d is ta n c e s  in  th e c r y s t a l ,  and th e  in t e n s i t y  o f  each r e f le c t io n  i s  

dependent upon th e  atom ic number o f  th e  atom cau sin g  the r e f l e c t io n ,  

thus a pure c r y s t a l  g e n e r a lly  y ie ld s  a c h a r a c te r is t ic  d if f r a c t io n  

p attern  by which i t  may be id e n t i f ie d .  Amorphous m a ter ia l on th e  

other hand does not g ive  r i s e  to  a regu lar d i f f r a c t io n  p a tte r n , s in ce  

th e  in tera tom ic  d is ta n c e s  in  such m ater ia l are n a tu r a lly  not c o n s is t e n t .

I t  was th e r e fo r e  decided to  in v e s t ig a t e  the c r y s ta l  s tru c tu re  o f  

some o f  th e  a irborne c o l l ie r y  dust samples by means o f  X -ray powder 

diagrams and thu s ob ta in  some p re lim in ary  id e a  o f  th e  degree o f  

c r y s t a l l in i t y  p r e se n t . I t  was in ten d ed  to  u se  th e  d i f f r a c t io n  p a ttern s  

to  estim a te  th e  quartz con ten ts o f  th e  d u sts  by comparison w ith known 

stan d ard s.

Procedure and R e su lts

Powder photographs were taken in  a 5*73 cm. diam eter un evacuated  

d i f f r a c t io n  camera w ith  f i l t e r e d  copper r a d ia t io n . The sample to  be 

ir r a d ia te d  was loaded  d ir e c t ly  in to  lith iu m  borate g la s s  tub es o f  0 .5  ®am. 

ou tsid e  d iam eter and 0 .3  mm. b o re . In g en era l, d u sts were not s ie v ed  

but were used  e x a c tly  as th ey  came from th e  c o l le c t o r  so th a t th e  f u l l  

p a r t ic le  s iz e  range was p resen t in  th e  specim en.

In a l l  c a se s  continuous d if f r a c t io n  r in g s  were obta in ed  and th e  

”d” spacings o f  th e  r in g s  were measured by Xngstrom sc a le  s in ce  th e  

absence o f  h igh  angle r e f l e c t io n s  prevented more accurate m easuring 

techn iqu es b e in g  adopted. The p a ttern s  ob ta in ed  fo r  th e  va r io u s  

c o l l ie r y  dust samples were then  compared w ith  th e  l in e s  obtained  from
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standard samples o f  quartz, k a o l in i t e  and i l l i t e ,  k a o l in ite  b e in g  

taken as a t y p ic a l  example o f  the k ao lin  group o f  m in era ls, and i l l i t e  

be ing  taken as r e p r e se n ta t iv e  o f  the m icaceous group o f  m in era ls .

The r e s u lt s  obtained  by exam ination o f  x«.^ay powder diagrams fo r  a 

s e r ie s  o f  p i lo t  samples to g e th er  w ith th e  r e s u l t s  o f  chem ical a n a ly s is  

fo r  f r e e  and t o t a l  s i l i c a  are g iven  in  Table 112 b elow .

Table 12

In ter p r e ta t io n  o f  X-yray Powder Diagrams

Sample % Free  
S i l i c a

% T o ta l  
S i l i c a X-ray Powder Diagram R esu lt

3.K.1 4*4 15.4 F aint s i l i c a  l in e  
P a in t s i l i c a t e  l in e s

C. 1 5.3 12.0 Weak s i l i c a  l in e s

3oK.2 4 .0 14.5 P a in t d i f f u s e  s i l i c a  l in e s  
(sm all p a r t ic le s )

1.K.1 3 .2 21 .2 Weak s i l i c a  l in e s

L.V.1 5 A 20.8 Weak s i l i c a  l in e s

Po 1 4*4 9.0 Weak s i l i c a .  Apparently  
present in  la r g e  p a r t ic le s

E .P . 1 1 .0 21 .3 Pa int s i l i c a  l i n e s .  Strong  
s i l i c a t e  l in e s

lie 1 12.7 30.7 Weak s i l i c a  l i n e s .  Weak 
s i l i c a t e  l in e s

Vo 1 2.7 7.6 Pa int s i l i c a  l i n e s .  Weak 
s i l i c a t e  l in e s

L. 1 4 .7 16.0 Weak s i l i c a  l i n e s .  Weak 
s i l i c a t e  l in e s
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I t  w i l l  be seen th a t  no more than a very  rough id ea  o f  th e  

com position  o f  th e  c o l l i e r y  dust was obtained  from th e  x -ra y  powder 

diagrams, although some form o f  agreement i s  o b v io u sly  present#

Thus in  sample E#F.1 # th e  k a o l in i t e  l in e s  are stron ger  than th e  

quartz l in e s ,  in  c o n tra s t  to  th e  rem a ining sam ples, and t h i s  r e s u lt  

i s  confirm ed by th e  r e s u l t s  o f  chem ical a n a ly s is .

Attem pts were made w ith la t e r  sam ples to  s im p lify  th e  d i f f r a c t io n  

p a ttern s  by a sh in g  th e  samples a t 750° C p r io r  to  exam ination to  remove 

th e  c o a l fr a c t io n  o f  th e  d u s t . The ash ing  p rocess was found, however, 

to  r e s u l t  in  th e d e s tr u c tio n  o f  s e v e r a l o f  th e  m in era ls in  the d u s t , 

in c lu d in g  k a o l in i t e ,  and l i t t l e  imp^fl^ement in  th e  c l a r i t y  o f  th e  

d i f f r a c t io n  p a ttern  r e s u lte d  probably owing t o  th e  presen ce  o f  

co n sid era b le  amorphous m a ter ia l in  th e ashed sam ple.

C onclusions

The sim ple techn iqu e used  does not g iv e  worthw h ile r e s u l t s  even  

though as l i t t l e  as 5^ o f  s i l i c a  can be d e te c te d .

In te r p r e ta t io n  o f  th e d i f f r a c t io n  p attern s i s  rendered d i f f i c u l t  

by th e  presence o f  co n sid era b le  amorphous m ater ia l which i s  not r e a d i ly  

removed, and, in  a d d it io n , s in c e  c la y  m inerals are g e n e r a lly  o f  la y e r  

form, i t  would be n e c e ssa r y , i f  an a n a ly s is  o f  th o se  were req u ired , to  

m od ify th e  camera to  record  low er d i f f r a c t io n  angles#  For «am ple,

9 i  i s  th e  la r g e s t  spacing which cou ld  be measured w ith th e  

instrum ent employed, w h ile  10 & i s  th e  stro n g e st l i n e  fo r  i l l i t e #

The camera- would a lso  req u ire  to  be evacuated i f  a q u a n tita t iv e  

e stim a tio n  o f  quartz conten t was req u ired .

The problem o f  e st im a tin g  th e  quartz con ten ts o f  sm all p a r t ic le  

s iz e  d u sts  by means o f  x -ra y  d i f f r a c t io n  techn iqu es has been la r g e ly  

overcome by Dr# N agelschm idt o f  th e  S a fe ty  in  Mines Research  

E stab lish m en t, S h e f f ie ld ,  who overcomes th e  problem o f  th e  e x is te n c e  

o f  an amorphous la y e r  around sm all s i l i c a  p a r t ic le s  (22) by determ in ing  

a "mean quartz ra tin g"  fo r  each sample# He has employed two methods
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in  h i s  in v e s t ig a t io n s .  The f i r s t  method employes c o b a lt  K r a d ia tio n  

and adopts a m icrodensitam eter tech n iq u e  ( 23) u sin g  magnesium oxide  

as in te r n a l  standard, t h i s  method i s  capable o f  an accuracy o f -  

for  sam ples co n ta in in g  more than 30^ o f  q u artz . The second method, 

which i s  a development o f  th e  f i r s t ,  i s  capable o f  an accurary o f ,  

at b e s t ,  -  4^ ( 24) and u se s  a G eiger-M uller counter u n it  ( 25) 

s p e c ia l ly  b u i l t  to  employ an e x te rn a l standard .

I t  i s  th e r e fo r e  ev id en t th a t i t  would be n ecessa ry  to  employ a 

counter tech n iq u e  s im ila r  to  th a t employed by Nagelschm idt to  ob ta in  

worthw h ile accuracy in  work o f  t h i s  kind and equipment o f  t h i s  h ig h ly  

developed ty p e  was not a v a ila b le  fo r  u se in  t h i s  in v e s t ig a t io n .
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ESTIMATION OF THE EREE SILICA CONTENT OF DUSTS 

Introduction

The a b i l i t y  to  determ ine th e  f r e e  s i l i c a  conten t o f  a irborne  

d u sts i s  o f  th e utmost importance in  estim a tin g  th e h ea lth  hazard they  

c r e a te .  S evera l methods both chem ical and p h y s ic a l have been  

developed for  t h i s  purpose, th e  most popular o f  th e  p h y s ica l methods 

b e in g  d iffe r m n t ia l therm al a n a ly s is  (26) and x -ra y  d i f f r a c t io n , w h ile  

th e  su lphur ic  a c id  method o f  Shaw and Sk inner (2?) and th e  phosphoric  

a c id  method o f  T r o s te l and Wynne (28 ) have become g e n e r a lly  accepted  

as s u ita b le  chem ical m ethods. None o f  th e se  methods, however, i s  

capable Of a h igh degree o f  accuracy.

Nagelsohm idt has shown (24) in  a s e r ie s  o f  in t  e r -la b  or a t ory  

t e s t s  ca rr ied  out on standard samples th a t a sem i-m icro m o d ifica tio n  

o f  th e Shaw-Skinner techn iqu e g iv e s  th e  more accurate r e s u l t s  o f th e  
two chem ical methods, w h ile  x -ray  d i f f r a c t io n  methods are capable o f  

con sid erab ly  grea ter  accuracy than d i f f e r e n t ia l  therm al a n a ly s is .

Both th e  Shaw-Skinner techn ique and x -ra y  d i f f r a c t io n  are capable, 

at b e s t ,  o f  an accuracy o f  -

A ccordingly th e  sem i-m icro m o d ifica tio n  o f  th e Shaw-Skinner method, 

describ ed  f u l l y  in  Appendix A, was adopted fo r  th e  e stim ation  o f  th e  

fr e e  s i l i c a  con ten ts  o f  the a irborne c o l l ie r y  d u sts  c o lle c te d  in  t h i s  

in v e s t ig a t io n .

Shaw—Skinner Method

The Shaw-Skinner method fo r  th e  determ ination o f  fr e e  s i l i c a  depends 

b a s ic a l ly  upon th e  d is s o lu t io n  o f  th e  s i l i c a t e  p o rt io n  o f  th e  dust in  hot 

concen trated  su lphur ic  a c id  w ithout a tta ck  upon the quartz c o n te n t .

As many s i l i c a t e s  under th e se  co n d itio n s  r e le a s e  t h e i r  s i l i c a  in  an 

amorphous form, in s o lu b le  in  h ot a c id , t h i s  s i l i c a  i s  removed by a d i lu t e  

a lk a l i  e x tr a c t io n . A fter  a s e r ie s  o f  such e x tr a c t io n s  a resid u e  A i s  

o b ta in ed . T h is res id u e  i s  then tr e a te d  w ith 49^ h yd ro flu or ic  a c id  and
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a n o n -s i l ic e o u s  r e s id u e  B i s  ob ta in ed . Th is r e s id u e  i s  taken to  be  

alum ina, and t h i s  amount, m u lt ip lie d  by 2 ,0 1 , g iv e s  an estim ate  o f  

the un decomposed s i l i c a t e s  o f  th e  sample estim ated  as fe ls p a r .  The 

fr e e  s i l i c a  con ten t o f  th e  sample may then be c a lc u la te d  from the  

formula below , in  which th e  fa c to r  108,6 has been incorp orated  to  

a llow  for  th e  s o lu b i l i t y  o f  quartz dust o f r e sp lr a b le  s iz e  in  hot 

a c id  and d i lu t e  a l k a l i ,

fo Ï r e e - S i l i c a  Content = YA -  (B x 2.01 ) l x  108,6
Weight o f  Sample

A fter  each treatm ent in  t h i s  method, th e  dust has to  be separated  

from th e  supernatant l iq u id  by c e n tr ifu g in g , and s in ce  un treated  

a irborne c o l l ie r y  dust was not w etted  by th e  var iou s r ea g e n ts , accurate  

r e s u l t s  could not be o b ta in ed . T h is d i f f i c u l t y  was, however, overcome 

by f i r s t  ash ing th e  c o l l i e r y  dust a t 750°C fo r  one hour in  a m uffle  

furnace b e fo re  subm itting  i t  to  a n a ly s is  by th e  Shaw-Skinner tech n iq u e . 

Th is m o d ifica tio n  a l s o ,  n a tu r a lly , r e s u lte d  in  an in c r e a se  in  th e  

accuracy v/ith which th e  s i l i c a  conten t o f  the c o l l i e r y  dust was 

determ ined.

The sam ples o f  airborne dust obtained  from the var iou s pita- arrived  

in  the Sosdilet th im bles in  .which th ey  had been c o l le c t e d .  Each sample 

was then tra n sfe rr ed  to  a ta red  P e tr i  d ish  and dr ied  under vacuum at 

60°C fo r  fou r hours. The dry d u sts  were a l l  found to  be hydroscopic  

to  some ex ten t and a l l  in crea sed  in  weight on th e  ba lan ce  pan t o  the  

exten t o f  up to  approx im ately 0 ,5 ^  o f  t h e ir  t o t a l  w e igh t. W hile some 

error in e v i t a b ly  r e su lte d  from t h i s  source t h i s  error was very  sm all in  

comparison w ith th e  error due to  th e  inaccuracy o f  th e  a n a ly t ic a l  

method employed, and th e  error  due j;o m o isture absorption  was in  any 

case  rendered s u b s ta n t ia lly  constan t in  a l l  th e  fo llo w in g  a n a ly t ic a l  

procedures by weigh ing th e  dust samples on ly  a f te r  th e y  had reached  

equ ilibrium  w ith th e  a ir  in  th e  balance c a se , which was d r ied  by 

s i l i c a  g e l ,  so th a t th e  m o isture con ten ts o f  th e  nom inally dry du sts  

were, th e r e fo r e , f a i r l y  co n sta n t.
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When these precautions had been taken and the dust had been 
ashed before submission to the process o f analysis i t  was found that 
a rep rod u cib ility o f  the order o f i  0.5J^ was obtained in the free  
s i l i c a  content of the uncombusted c o ll ie r y  dust. Since the accuracy 
o f  the Shaw-Skinner method i s  approximately -  4^, however, an 
accuracy o f -  0.5^ w i l l  probably only in  fact be obtained where the  
ash content o f the c o ll ie r y  dust i s  le s s  than 12.5^. The re su lts  
of these analyses on c o llie r y  dusts, i^ ich  were performed in  
dup licate, are given in  the f in a l section  o f th is  th e s is .

In order to  t e s t  th e  o p e r a to r 's  accuracy and th e  accuracy o f  

th e  method a number o f  standard sam ples, provided by Dr. Nagelsohm idt 

fo r  h i s  in te r - la b o r a to r y  t e s t s  ( 24) were analysed  u s in g  th e  sem i

micro m o d ifica tio n  o f  th e Shaw-Skinner tech n iq u e  and a sh in g  th e  

samples b e fo re  subm itting  them to  a n a ly s is  in  analogy w ith the  

procedure adopted when th e  method i s  a p p lied  to  a irborne c o a l mine 

d u s ts . The com positions o f  th e  standard dust samples employed and 

th e  r e s u l t s  o f  th e ir  d u p lic a te  an a ly ses  are g iven  in  Table 13 below .

Table 13
Accuracy o f  Shaw-Skinner Sem i-Micro Method 

C Samples su p p lied  by Dr. N agel schm idt)

Sample
Known Com position A n a ly s is

% Quartz % K a o lin ite fo M uscovite % Free S i l i

XI072 100 0 0 1 0 0 .0

X 1876 0 100 0 1 .2

X 2043 6 6 .7 3 3 .3 0 6 6 .0

X 2431 0 0 100 0 .5

X 2478 0 2 8 .5 71 .5 0 .5

X 2479 1 4 .0 24.6 6 1 .4 1 7 .0

X 2480 4 8 .4 14*8 3 6 .8 4 9 .0

Maximum Error 3 .0

Standard D ev ia tion 1*.5
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The method appears to  have a s l i g h t l y  g rea ter  accuracy than th a t  

estim ated  by Nagelschm idt and seems capable o f  g iv in g  r e l ia b le  

in form ation  on the fr e e  s i l i c a  co n ten ts  o f  airborne c o l l i e r y  d u s ts .
The fa c t  th a t a r e s u lt  o f  100 .0^  was obtain ed  fo r  sample jC1072 i s ,  

o f  co u rse , a co in c id e n c e , a l th o u ^  t h i s  r e s u lt  appears to  j u s t i f y  

th e  va lue taken fo r  th e  c o r r e c t io n  fa c to r  in  equation  ( 15)*

Although th e  method i s  r e l ia b le  and y ie ld s  rea son ab ly  accu rate  

r e s u l t s  i t  i s  la b o r io u s  and len g th y ,r e q u ir in g  18 to  20 man-hours fo r  

a d u p lica te  d eterm in a tion . T h is fa c to r  i s  a severe  handicap in  work 

o f  t h i s  k ind where a la rg e  number o f  r e s u l t s  are req u ired  b e fo re  ahÿ 

co n c lu sio n s as to  th e  dependence o f  h e a lth  hazard upon dust com position  

may be drawn.

For t h i s  reason i t  was con sid ered  im portant to  develop  more rap id  

and, i f  p o s s ib le ,  more accu rate  methods o f  fr e e  s i l i c a  d eterm in a tion .

Infra-R ed Spectra  o f  S i l i c a  and S i l i c a t e  M inerals

I t  was ap p recia ted  th a t th e  tim e req u ired  fo r  th e  a n a ly t i c a l  process  

would be g r e a t ly  reduced i f  th e  grav im etr ic  method cou ld  be rep la ced  by  

an o p t ic a l  method in  which no com plicated treatm ent o f  th e  dust was 

req u ired . An attem pt was th e r e fo r e  made to  develop a method o f  fr e e  

s i l i c a  e stim a tio n  u sin g  in fr a -r e d  sp ec tro sco p y .

The atoms o f  a so lid  do not remain a t r e s t  but are c o n tin u a lly
^ 7  4  I

in  v ib r a tio n  a t freq u en c ie s  o f  th e order o f  10 to  10 c y c le s  per  

second , which i s  o f  th e  same order o f  magnitude as th e  freq u en c ie s  

o f  in fr a -r e d  r a d ia t io n . These intraM ûolecu lar v ib r a tio n s  occur a t  

c e r ta in  fre q u en c ie s  depend ing on th e  group ing ( e .g .  C-ü, C -0, 0=0) and 

i f  substances are ir r a d ia te d  by a su ccess io n  o f  monochromatic bands 

o f  in fr a -r e d  r a d ia t io n , th e se  freq u en c ie s  may be absorbed. I t  i s  

p o s s ib le , th e r e fo r e , by p lo t t in g  th e  percentage o f  r a d ia t io n  absorbed  

by a substance a g a in st th e in c id e n t  wavelength t o  s t a t e  th a t a m olecule  

con ta in s c e r ta in  groupings e^. 0=0 and t h i s  fu n ctio n  i s  ca rr ied  out by
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th e  infraf-red sp ectrop hotom eter. The use o f  in fr a -r e d  sp ectroscop y  as 

an a n a ly t ic a l  t o o l  has been developed , w ith a g rea t degree o f  su c c e s s , 

ih  the f i e l d  o f  organ ic  ch em istry , but i t s  use in  in organ ic  a p p lic a tio n s  

has only begun to  be e x p lo ite d  over recen t y e a r s .

In order to  determ ine whether th e  in fr a -r e d  spectrum o f  quartz  

conta ined  ab sorp tion  bands which a re  not shown by o th er  m inerals  

commonly to  be found in  c o l l ie r y  d u st , th e data ob ta in ed  by P ren t ice  

( 29) ,  a prev iou s worker in  t h i s  f i e l d ,  and by oth er  workers whose 

r e s u l t s  are rep orted  in  th e l i t e r a t u r e  ( 30) (31) ( 32) (33) were 
r e fe r r e d  t o .  T h is  co n d itio n  must be s a t i s f ie d  b e fo re  a reasonably  

accu rate  estim a te  o f  quartz conten t may r e a d i ly  be made u s in g  in fr a 

red sp ectroscop y .

The p o s it io n s  o f  th e  main absorp tion  bands fo r  m in era ls commonly 

found in  c o l l i e r y  d u sts are g iven in  Table 14© Calcium carbonate has 

been in c lu d ed  in  the l i s t  as lim eston e  and w ater are fre q u en tly  used  

on th e  f lo o r s  o f  head ings in  c o a l mines to  reduce th e  ex p lo s io n  r is k  

p resen ted  by accum ulations o f coa l d u st . I t  i s  th e r e fo r e  p o s s ib le  

th a t a irb orn e c o l l ie r y  dust could become contam inated w ith q u a n t i t ie s  

o f  calcium  carbonate en tra in ed  from th e f lo o r  o f  th e  roadway by th e  

v e n t i la t in g  a ir  c u rren t. The data fo r  cy c lo  hexane and fo r  aluminium 

s te a r a te  which were la t e r  used to  prepare d isp e r s io n  m ixtures are  

a lso  g iv en .
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Table 14

Main A bsorption Bands in  Infra-R ed S p ectra  o f  M inerals 

Key 3 *  stro n g , m = medium, w =t weak

Substance W avelengths o f  A bsorptions (tt)

Quartz 5 .9 5  ( * ) ,  6 .3 0  (w ), 7 .7 0  to  1 1 .70 ( s )  12 .50  (m)
and 12 .85  (m)

C r is to b a l i te ,T r i  dymit e 
and Fused S i l i c a

5 .9 5  (w ), 6 .3 0  (w ), 7 .7 0  to  1 1 .7 0  ( s )  and 12.5 0 (m

K a o lin ite 2 .7 3  (m). 6 .0 5  (w ), 7 .5 5  (w ), 8 .9 3  to  10 .95  ( s )  
1 2 .5 0  (m), 12 .65  (m ), 1 3 .3 0  (w) and 14.51 (m)

Mica 9 .3 0  to  1 0 .8 0  ( s )  and 1 3 .3 0  (m)

M uscovite 2 .7 8  (m), 9 .3 5  t o  1 1 .0  ( s ) ,  12.1 (w ), 1 2 .5  (w ), 
1 3 .3 5  (m), and I4 .8  (w)

O liv in e 6 .1 0  (w ), 9 .8 5  to  1 1 .9 0  (3 ) and 1 3 .1 0  (w)

W illem ite 8 .2 5  (w ), 8 .6 0  (w ), 9 .0 0  (w ), 9 .1 5  (w ), 9 .5 0  (w)
and 1 0 .0 0  to  1 1 .5 5  ( s )

V itr a in
or

Anthraxylon

3 .0  (m), 3 .3 0  (w ), 3J^2 ( s ) ,  5 .2 2  (w ), 5 .8 7  ( s )
6 .1 9  ( s ) .  6 .9 0  ( s ) ,  7 .2 5  (w ), 8 .0  (m), 9 .6 7  (w) 
1 1 .6 4  (m ), 12 .26  (m) and 1 3 .2 9  (m)

Calcium Carbonate 6 .5 0  (w ), 6 .8 0  (3), 6 .9 5  (m), 7 .4 0  (m) and
8 .7 0  to  1 0 .0 5  (w)

cyc lo  Hexane

2.51 (w ), 2 .87  (w ), 2 .9 7  W ,  3 .1 4  (w ), 3 .4 4  ( s )  
3 .7 2  ( s L  3 .7 9  ( s ) ,  4 .2 5  (w ), 4J)-0 ( * ) ,  4 .6 0  (w)
4 .6 8  (w ), 4 .8 3  (w ), 500 (w ), 5 .3 2  (w ), 5 .4 4  (w) 
6 .8 8  ( s ) ,  7 .4  (m ), 7 .9 5  ( a j j  8 .6 4  (w ), 9 .6 5  (m)
11 .05  ( s )  and 1 1 .6  ( s )

Aluminium S te a ra te 6 .3 5  (m ), 6»85 (m) and 1 0 ,2 5  (w)

I t  i s  seen from Table 14 t h a t ,  w h ile  quartz has absorption  

maxima at 1 2 . 50^  and 12.85-<tt, s i l i c a t e s  w ith the ex cep t io n s o f  

k a o l in i t e  and m uscovite have no ab sorp tion  maxima at th e se  w avelengths
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With th e  methods employed in  t h i s  work however, i t  was im p ossib le  to  

d e te c t  the weak ab sorp tion  bands shown by m uscovite a t 12,1>4aand 12»5-^j 

w h ile  the ab sorption  maximum shewn by k a o l in ite  at 12 •5-4»-was very much 

weaker than th a t shown by quartz at the same w avelength . I t  should be 

p o s s ib le , th e r e fo r e , to  determ ine quartz in  th e  presence o f s i l i c a t e s  

in c lu d in g  k a o l in i t e  and m uscovite u s in g  th e  ab sorp tion  maximum shown 

by quartz at a w avelength o f  12*50-44.

A study o f  th e  sp ectra  obtained fo r  th e  var iou s forms o f  fr e e  

s i l i c a  shows th at a l l  forms (qu artz , c r i s t o b a l i t e ,  tr id y m ite  and fu sed  

s i l i c a )  have an ab sorp tion  maximum at 12 . 50.44,, but th a t on ly  quartz has 

an absorp tion  maximum a t 12 .85 .4t. From t h i s  i t  may be concluded th at  

i t  should be p o s s ib le  to  estim ate  quartz in  th e  presen ce o f o ther forms 

o f f r e e  s i l i c a ,  and t h i s  has in  fa c t  been ach ieved (34) u s in g  a p e l le t in g  

tech n iq u e . No such d iscr im in a tio n  between quartz and other forms o f  

fr e e  s i l i c a  was however attem pted in  t h i s  in v e s t ig a t io n .

S im ila r ly  calcium  carbonate, cyclo  hexane and aluminium s te a r a te  

g iv e  ab sorp tion  sp ectra  w ith no absorption  maxima, at w avelengths o f  

12*5"4L_or 12.85>«4, and th e se  substances may th ere fo re  be presen t in  

any sample under exam ination for  quartz c o n te n t. V itr a in , a common 

c o a l c o n s t itu e n t , does however show an ab sorp tion  maximum in  th e  reg ion  

o f  12 . 50-44 w avelength , but c o a l c o n st itu e n ts  may r e a d i ly  be removed 

from a irborne c o l l ie r y  dust by ash ing  p r io r  to  sp ec tro sco p ic  exam ination.

Dispersion Method

In order to  carry out a quant at iv e  estim ation  upon a s o l id  by means 

o f  in fr a -r e d  sp ec tro sco p ic  exam ination , ü^ere a d isp ers io n  tech n iq u e  i s  

se le c te d  fo r  the purpose o f  mounting th e s o l id  in  th e sp ectrsocop e beam, 

th e  fo llo w in g  co n d itio n s  must be s a t i s f i e d .  F i r s t ly ,  th e  p a r t i c le  s iz e  

o f  th e  m ater ia l under t e s t  must be l e s s  than 1.4L in  order to  m inim ize 

r e fr a c t io n  o f  the in c id e n t  in fr a -r e d  l i g h t .  Secondly, the m a ter ia l  

under t e s t  must be un iform ly d ispersed  in  th e  d isp e r s io n  medium and, 

f i n a l l y ,  a c e l l  o f  uniform th ic k n e ss  must be employed.
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P re n t ice  d id  co n sid era b le  work in  adapting d isp e r s io n  methods to  

th e  s p e c i f ic  problem o f  f r e e  s i l i c a  e stim a tio n  and f i n a l l y  adopted a 

development o f  th e  tech n iq u e  employed by D olinsky (35) who suspended  

var iou s s o l id s  in  s o lu t io n s  o f  aluminium s te a r a te  in  carbon 

te tr a c h lo r id e  or carbon d isu lp h id e  fo r  in fr a -r e d  sp ec tro sco p ic  

exam inationo I t  was decid ed  to  rep ea t th e  la t e r  s ta g e s  o f  th e work 

performed by P re n t ice  b e fo re  proceed ing fu r th er  w ith  th e  in v e s t ig a t io n .

The standard sam ples, su p p lied  by Dr. N agelschm idt, were aga in  

employed in  t e s t in g  t h i s  method o f  f r e e  s i l i c a  e s t im a tio n . In  

analogy w ith  th e  treatm ent which would be n ecessa ry  fo r  a irborne  

c o l l ie r y  d u s ts , approxim ately 2 g . o f  each standard sample was f i r s t  

heated  in  a m u ffle  furance a t 750 Ĉ fo r  one hour and th e  ash content 

e stim a ted . The ash from t h i s  procedure was then  ground fo r  tw enty  

hours in  a m echan ical a g a te  mortar in  order to  reduce i t s  p a r t ic le  

s iz e  to  l e s s  than 1 HU.

The m a ter ia l under t e s t  ( l  g . ) ,  aluminium s te a r a te  (1 g . )  and 

c y c lo  hexane (25  m l.)  were then  p laced  in  a 250 m l. ”Q u ic k f it” f la s k  

and heated  to  b o i l in g ,  w ith  con stan t sh ak in g . The f la s k  was allow ed  

to  c o o l and g la s s  beads (25 m l.)  were added. The f la s k  wasi:hem shaken 

for  one hour on a ”M icroid” f la s k  shaker, when th e  m a ter ia l was con sid ered  

ready fo r  a n a ly s is .

The in fr a r c e d  spectrophotom eter u sed  in  t h i s  work has been d escrib ed  

by Brow nlie ( 36) and u se s  a Schwarz therm op ile in  th e  r e c e iv in g  system . 

Th is sp ectroscop e  was u sed  as a s in g le  beam instrum ent throughout th e se  

in v e s t ig a t io n s  on account o f  i t s  d im inished s e n s i t i v i t y  when employed 

as a double beam in stru m en t.

This spectrophotom eter was found to  be i n s u f f i c ie n t ly  s ta b le  to  

enable c a lib r a t io n  curves to  be employed s u c c e s s fu l ly  and th e r e fo r e  th e  

base l in e  method was employed in  e stim a tin g  th e  amount o f  ab sorp tion  

ta k in g  p lace  a t a w avelength o f  12 .5 -U , id iich was chosen as th e  

c h a r a c te r is t ic  absorp tion  maximum fo r  f t e e  s i l i c a ,  fo r  reason s a lread y  

s t a t e d .
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In order to  m inim ize th e  e f f e c t  o f  v a r ia t io n s  in  th e s e n s i t i v i t y  

o f  th e  sp ectroscop e  a l l  th e  spectrographs n ece ssa ry  fo r  a s e r ie s  o f  

d u p lica te  e stim a tio n s  were ob ta in ed  on th e  same day and f a i r l y  frequent  

spectrographs o f  the quartz standard (XIO72) were obta ined  throughout 

th e  per iod  o f  op era tion  o f  th e  in stru m en t. U sing th e  b a s e - l in e  method 

(37) th e  con cen tra tion  o f  a given  m ater ia l p resen t i s  p rop ortion a l to  

lo g -|0 where th e  symbols have th e  s ig n if ic a n c e  in d ic a te d  in  th e

fo llo w in g  sk etch  and th e  q u a n t i t ie s  are measured a t an ab sorption  

maximum c h a r a c te r i s t ic  o f  th e  m a ter ia l concerned©

T O T A L  A 6 6 O R P T 1 0 N

As had been noted  by P ren t ice  th e  accuracy o f  th e  method f e l l  

o f f  r a p id ly , where th e  samples con ta in ed  l e s s  than 50^ o f  fr e e  s i l i c a .

Thus, fo r  samples co n ta in in g  l e s s  than 50^ o f  f r e e  s i l i c a ,  0«5 o f  sample 

and Q«5 g* o f  pure quartz were ta k en , in s te a d  o f  1*0 g® o f  sample, udien 

making th e  su sp en sion .

A rock s a l t  c e l l  adapted for  use w ith uniform th ic k n e sse s  o f  

v isco u s l iq u id s  was develop ed  by P ren t ice  fo r  u se w ith th e  type o f  

m ull ob ta in ed  as above, and t h i s  c e l l ,  which i s  d escrib ed  below , was 

used in  th e se  in v e s t ig a t io n s .

Two le a d  s t r ip s ,  m easuring 1 in .  by 0*1 i n .  and O.OO5 i n ,  th ic k ,  

are p la ced  len g th w ise  at o p p o s ite  ends o f  a 1 inch  square p o lish ed  

rock s a l t  p la t e .  A s u ita b le  qu antity o f  th e  m ull prepared fo r
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exam ination i s  p laced  in  th e  m iddle o f  t h i s  p la te  and a second  

s im ila r  rock s a l t  p la te  i s  brought in to  p o s it io n  on to p , care  b e in g  

taken to  exclud e a l l  a ir  bubbles from th e  c e l l .

The r e s u l t s  ob ta in ed  fo r  th e  fr e e  s i l i c a  co n ten ts  o f  th e  standard  

sam ples, both by th e  method d escr ib ed  above and by th e  Shaw-Skinner 

sem i-^aicro method are g iven  in  T able 15# S in ce  t h i s  work was 

o r ig in a l ly  perform ed by P r e n t ic e , t h i s  w orker's r e s u l t s  are quoted in  

columns Â, o f  Table 15 , w h ile  th e  r e s u l t s  ob ta in ed  by the w r iter  are  

g iven  in  columns B.

Table 15

Comparison o f Gravimetric and Dolinsky Type Infra-Red 
Methods of  A nalysis for Free S i l ic a

Sample
A ctu a l Free  
S i l i c a  Content

W

E stim ated  f r e e  s i l i c a  con ten t
Shaw -  Sk inner In fra  -  Red

A B A B

X 1876 0 .0 9 ,0 1 .2 0 .0 3 .0

X 2431 0 .0 4 .2 0 .5 0 .0 7 .3

X 2478 0 .0 0 .7 0 .5 0 .0 0 .0

X 2479 1 4 .0 1 6 .4 1 7 .0 15*0 1 9 .9

X 2480 4 8 .4 . 4 7 .0 4 9 .0 5 0 .0 5 4 .7

X 2043 6 6 .7 6 5 .5 6 6 .0 6 8 .0 61.1

X 1072 1 0 0 .0 8 8 .2 1 00 .0 1 0 0 .0 100 .0

Maximum Error 1 1 .8 3 .0 1 .6 7 .3

I t  w i l l  be seen th a t  w h ile  P r e n t ic e  found th e  in fr a -r e d  method 

d escr ib ed  above su p er ior  in  accuracy to  th e  Shaw-Skinner method, the  

w r ite r  found i t  ra th er  l e s s  a ccu ra te , a lthough  i t  was undoubtedly  

co n sid era b ly  more r a p id . Th is d isagreem ent, however, could  e a s i ly



58.

have been caused by th e  vary ing s k i l l s  o f  the operators a t each o f  

the two methods employed.

P elle t in g  Method

“While th e  method o f  in fr a -r e d  a n a ly s is  fo r  fr e e  s i l i c a  developed  

by P ren t ice  appears capable o f  a p p lic a tio n  to  th e  a n a ly s is  o f  airborne  

c o l l ie r y  d u st , i t  has a se r io u s  disadvantage in  th a t i t  i s  expensive  

o f  d u st, 1 g . b e in g  req u ired  fo r  an a n a ly s is .  The tendency o f  th e  

cyc lo  hexane to  evaporate ffom the m ull during operation  o f  the  

spectrom eter and th e  con sid erab le  d i f f i c u l t y  o f  ob ta in in g  a c e l l  

hav ing a constan t film  th ick n e ss  a lso  le^ d  to  in a ccu ra c ie s  in  th e  ^  

execution  o f  th e  method.

I t  was th e r e fo r e  decided to  t r y  to  apply a p e l le t in g  techn iqu e  

to  th e  problem o f  mounting the s o l id  under exam ination in  th e  in fr a 

red  beam o f  the sp ectrom eter . In t h i s  method a sm all amount o f  the  

f in e ly  ground s o l id  under exam ination i s  thoroughly mixed w ith dry 

f in e ly  ground potassium  bromide and th e  m ixture i s  then compressed 

in to  a transparent p e l l e t .  S in ce  potassium  bromide i s  transparent 

to  infrar*red r a d ia t io n  over th e  u su a l frequency scan o f  an in fr a -r e d  

spectrophotom eter the p e l le t  may th ere fo re  be mounted in  th e  l ig h t  

beam o f th e  instrum ent and th e  spectrograph o f  th e  d isp ersed  s o l id  

may thus be recorded d i r e c t ly .  Th is ob v iou sly  overcomes th e  

d i f f i c u l t i e s  o f so lv en t evaporation  and o f  super im position  o f  th e  

sp ectra  o f  th e substances forming th e d isp e r s io n  medium upon th e  

spectrum o f  the d isp ersed  s o l id  under exam ination. In a d d itio n  

much sm aller q u a n t it ie s  o f  s o l id  are requ ired to  carry out a 

spectrograph ic exam ination.

The potassium  bromide p e l le t in g  techn ique was developed  

sim u ltan eou sly  by Stimson and O'Donnel in  America (38) and by 

Sch iedt and Reinwein in  G-ermany (39) •> Many o th er  workers have 

s in c e  ap p lied  the techn ique to  problems o f  both organ ic  and in organ ic  

a n a ly s is  which were in d is s o lu b le , or d i f f i c u l t  to  a b so lv e , by other
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m eans. For example. Browning, Tglberley and Nachod a p p lied  th e  

techn ique to  th e  e st im a tio n  o f  a tro p in e  and seopolam ine in  m ixtures  

o f  th e se  two a lk a lo id s  (4 0 ) ,  w h ile  K irkland ap p lied  th e  method to  th e  

e stim a tio n  o f  quartz in  quartz—c r i s t o h a l i t e  m ixtures (34) in  the  

in organ ic  f i e l d .

In th e  p resen t work a p r e ss  s im ila r  to  th a t  developed by Ford 

and W ilkinson (41) was em ployed. The p r e ss  components were fa b r ica te d  

in  s t a in le s s  s t e e l  and s p e c ia l ly  hardened su r fa ce s  were prov ided fo r  

th e  d ie  and a n v i l .  The i n .  diam. d ie  and a n v i l  were en c lo sed  in  an 

outer evacuable ca sin g  and a l j  i n .  B .S .F . screw mounted on a su ita b le  

c a s t - ir o n  p latform  acted  as ram upon th e  d ie  p lu n ger. E ffo r t  was 

ap p lied  m anually to  th e  ram by means o f  a r a tc h e t wrench approx im ately  

e ig h te e n - in c h e s  in  le n g th . The p r a c t ic a l  d i f f i c u l t i e s  o f  producing  

o p t ic a l ly  c le a r  potassium  bromide p e l l e t s  u sin g  t h i s  t^pe o f  p re ss  (4 I ) 

are d e scr ib ed  in  d e t a i l  by Ford and W ilk inson .

To m anufacture a p e l le t  th e  a n v i l  was lo c a te d  in  the in n er  c a s in g ,  

a su ita b le  q u a n t ity  o f  potassium  bromide m ixture ^ i c h  had been  

prev iou sly’’ ground to  a p a r t i c le  s i z e  o f  l e s s  than 1 -a was then  measured 

in to  the d ie  open ing, and th e d ie  and d ie  plunger were r e p la c e d . T h is  

assem bly was then p laced  in  th e  ou ter  ca sin g  and th e  potassium  bromide 

m ixture was evacuated in  s i t u  fo r  a t le a s t  a m inute to  remove tr a c e s  

o f  water vapour. The p re ss  was then  mounted under th e  ram and th e  ram

was t ig h te n e d  up to  th e  d ie  plunger and slackened  o f f  once or tw ic e , 

to  ensure th a t an even la y e r  o f  powder was ob ta in ed  on the a n v i l .

F in a l.ly  maximum b o d ily  e f f o r t  was a p p lied  to  th e  wrench and th e  d ie  

p ressu re  was a llow ed  to  remain fo r  f iv e  m inutes b e fo re  s la ck en in g  o f f .

The potassium  bromide in  th e  pressw as co n tin u o u sly  evacuated during the  

p re ss in g  p rocess and th e  vacuum was only f i n a l l y  r e le a se d  when th e  ram 

had been slack en ed  o f f .  The in n er  casin g  was then  removed And th e  a n v i l  

was d is lo d g ed  from i t s  lo c a t io n  in  th e  d ie  open ing by d ea lin g  th e  f r e e  

end o f  th e  d ie  plunger a sharp blow on a wooden su r fa c e . The potassium  

bromide c r y s t a l ,  which was norm ally o p t i c a l ly  c le a r ,  was then c a r e fu l ly
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removed from the p o l ish e d  su rface  o f  th e  d ie .

Assuming a maximum e f f o r t  on the part o f  th e  operator o f  1^0 l b s .

a t an e f f e c t iv e  ra d iu s  o f  1 f t .  and a screw e f f i c ie n c y  o f  5^, a d ie
2

p ressu re  o f  approx im ately  10 to n s / in  i s  obtained  u s in g  t h i s  p r e s s .
2

However much h ig h er  p r e ssu r e s , o f  the order o f  500 t o n s / in  , would 

be a v a i la b le  u s in g  a s u ita b le  h y d ra u lic  press (4 2 ) and, in  a d d itio n , 

much e a s ie r  d isc  removal would be ach ieved  i f  th e  p re ss  were o f  th e  

s p l i t - c a s in g  type (3 4 )•

Owing to  th e  d i f f i c u l t y  o f  w e igh ing s o l id s  a c c u r a te ly , in to  th e  

p ress a mmber o f  sm all b ra ss  moulds were made and th e  ground potassium  

bromide m ixture was tamped in to  th e se  and then  tr a n s fe r r e d  to  th e  p ress  

Three such moulds were made, one b e in g  0 .5  i n .  diam and 0 .1  i n .  deep, 

one 0 .5  i n .  diam and 0 .0 5  i n .  deep, and one 0 .3  i n .  diam and 0 .0 5  in*  

deep. C r y sta ls  were made u s in g  each o f  th e se  th r ee  m oulds, but i t  

was found th a t on ly  th e  c r y s ta ls  produced u sin g  the sm a lle s t  mould 

were o f  s u f f i c ie n t ly  h igh  q u a l ity  fo r  u se in  t h i s  in v e s t ig a t io n ;  

th e se  c r y s t a ls  were a ls o  o f  th e  minimum th ic k n e ss  conven ient fo r  

h a n d lin g . C ry sta ls  o f  g rea ter  th ic k n e ss  and o f  s u f f i c i e n t ly  h igh  

q u a l ity  would however be ob ta in ab le  i f  a hydrau lic  p re ss  capable o f  

h igh d ie  p re ssu re s  were employed.

M ixtures o f  10 g* o f  potassium  bromide and 2 g . ,  0 .6  g . ,  0 .3  g . ,  

0 .2  g . ,  0 .1  go and 0 .0 5  g* o f  quartz were prepared . These m ixtures  

were each ground in  a m echan ical agate  mortar fo r  15 hours in  order 

to  reduce th e  p a r t ic le  s iz e  to  l e s s  than 1 and, f i n a l ly ,  about 1 g .  

o f  each o f  th e  m ixtures was ground fo r  f iv e  m inutes in  a sm all h igh  

frequency b a l l  m i l l .  U sing th e  sm a lle s t  o f  th e  th ree  moulds fo r  

measuring p u rp oses, about e ig h t id e n t i c a l  p e l l e t s  were then  made 

from each o f  th e  above m ix tu res .

In order t o ,  as n e a r ly  as p o s s ib le ,  cover th e  path o f  th e  in fr a -

red  l ig h t  beam o f  th e  spectrophotom eter used i t  was found n ecessa ry  to  

employ four c r y s t a l s .  These c r y s ta ls  were mounted in  a 2^ i n .x  1“§ i n .
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x'i i»c brass block slotted to fit into an existing liquid cell 
h o ld e r . S in ce  th e  average diam eter o f  the potassium bromide crystals 
was 0*506 i n . ,  four h o le s  arranged, as n ea r ly  as p o s s ib le , to  cover  

th e  l ig h t  beam, were d r i l le d  in  t h i s  b lock  fo r  h a lf  the th ic k n e ss  o f  

th e  b lock  to  a diam eter o f  0 .515  i n . ,  aiid fo r  th e rem aining th ic k n e ss  

to  a diam eter o f  0 .495  i n .  thus provid ing a led g e  fo r  the potassium  

bromide c r y s t a ls  to  r e s t  upon. The four s e le c te d  p e l l e t s  w ere, in  

p r a c t ic e , dropped g e n tly  in t o  th e ir  r e sp e c t iv e  h o le s  w ith th e  b lock  

h e ld  h o r iz o n ta lly  and a th in  2 in .  x §  i n .  b rass  i r i p ,  bent in to  th e  

shape o f  a c i r c l e ,  was p re ssed  g e n tly  home a f t e r  each o f  the c r y s t a ls ,  

so th a t th e  l a t t e r  d id  not to p p le  from th e ir  proper lo c a t io n  when the  

b lock  was returned  to  a v e r t i c a l  p o s it io n .

Using t h i s  h old er  c r y s ta ls  made from each o f  th e  s ix  m ixtures 

o f  vary in g  quartz con ten t were exam ined in  the sp ec tro sco p e . The 

spectrographs ob ta in ed  showed th a t B eer 's  Law was obeyed, even 

approx im ately, on ly  at very low  quartz co n cen tra t io n s and th a t a 

maximum "peak depth" fo r  th e  ab sorp tion  maximum shown by quartz a t  

a wavelength o f  12 .5-U  was ob ta in ed  u sin g  c r y s ta ls  con ta in in g  

approxim ately 1Ĵ  o f  q u artz . Below t h i s  co n cen tra tio n  much poorer  

ab sorption  was ob ta in ed , w h ile  a t h igher co n cen tra t io n s l i ^ t  s c a t te r in g  

le d  to  a low er gen era l tran sm ittan ce  w ith a con seq u en tly  im paired  

spectrograph .

I t  was accord in g ly  decided to  employ c r y s ta ls  co n ta in in g  

approxim ately 1% o f  th e  dust under a n a ly s is  when estim a tin g  quartz 

co n ten ts  and to  measure th e  ab sorp tion s obtained at a wavelength o f  

1 2 . 50"41, s in ce  on ly  a t t h i s  w avelength does f r e e  s i l i c a  show a sharp  

ab sorp tion  band which i s  r e l a t i v e l y  u n a ffec ted  by th e  superimposed 

sp ec tra  o f  other m in era ls commonly found in  mine d u s ts . I t  was again  

found conven ient to  employ th e  p recau tion s p r e v io u sly  taken to  a llo w  

fo r  th e  d a i ly  v a r ia t io n s  in  th e  s e n s i t i v i t y  o f  th e  instrum ent employed 

and, w ith du sts co n ta in in g  l e s s  than 5P?̂  o f  quartz, an a liq u o t p o rtio n  o f
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th e  dust was again, mixed w ith  an equal w e ight o f  quartz b efo re  

p e l le t in g ,  as i t  was noted  th a t  th e  acouracy o f  th e  method f e l l  o f f  

con sid erab ly  where th e  quartz con ten t o f  th e  dust under a n a ly s is  was 

l e s s  than

The standard dust sam ples provided by D r. Nagelschm idt ( 24) were 

f i r s t  a n a ly sed . 10 g . o f  dry potassium  bromide and 0^1 g . o f  dry 

dust were weighed in to  an agate  mortar (10  g . o f  potassium  brom ide, 

0 .0 5  g .  o f  dust and O.O5 g . o f  quartz in  th e  case o f  sam ples 

co n ta in in g  l e s s  than 3 ^  o f  quartz) and th e  m a ter ia l was then  

ground and p e l le t e d  in  th e  manner d escrib ed  above. The spectrograph s  

obtained  from th e se  p e l l e t s  were then compared w ith th e  spectrograph s  

obtained  from s im ila r  p e l l e t s  con ta in in g  pure quartz (XIO72) by  

comparing th e  corresponding ab sorp tion s at a w avelength o f  1 2 .5  ^  

u s in g  th e  b a s e - l in e  method. The va lu es o f  th e  estim ated  quartz 

con ten ts o f  th e se  standard sam ples ob ta in ed  from d u p lica te  a n a ly ses  

by th e  method d escrib ed  above,by th e  v a r ia t io n  o f  Dolinkky tech iq u o  

developed by P re n t ice  and by th e  Shaw-Skinner sem i-m icro grav im etr ic  

method, to g e th er  w ith th e  a c tu a l quartz c o n te n ts , are g iven  in  

Table 1 6 . The samples were a l l  ashed p r io r  to  a n a ly s is  in  order  

th a t th e  r e s u l t s  should  g iv e  an in d ic a t io n  o f  th e  accuracy l i k e l y  

to  be ob ta in ed  when u s in g  ashed c o l l ie r y  du st rather than rock dust 9
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Table 16

Comparison o f  Methods fo r  th e E stim ation  o f  Free S i l i c a

Sample
A ctual Content 
o f  Free S i l i c a

w

E stim ated  Content o f  F ree S i l i c a  (90
G ravim etric In fra  -  Red

Shaw^klJm er D olin sky P ot—Bromide

X 1876 0 .0 1 .2 3 ,0 0 .0

X 2431 0 .0 0 .5 7 ,3 0 .0

X 2478 0 .0 0 .5 0 .0 0 .0

X 2479 1 4 .0 1 7 .0 1 9 .9 11 .9

X 2480 4 8 .4 4 9 ,0 54 .7 4 8 .7

X 2043 6 6 .7 6 6 .0 61.1 6 5 .5

X 1072 100 .0 1 0 0 .0 1 0 0 .0 10 0 .0

Maximum Error (j?) 3 ,0 7 .3 2.1

Standard D ev ia tion  (^) 1 .3 5 .4 1 .8

The r e s u l t s  given  in  T able 16 show th a t th e  in fr a -r e d  sp ectrograp h ic  

method em ploying potassium  bromide p e l l e t s  i s  comparable in  a ccu rw y  to  

th e  S haw-8 k inner sem i-m icro grav im etr ic  method fo r  th e  purpose o f  

determ ining th e  fr e e  s i l i c i a  conten t o f  rock d u s ts . In c a lc u la t in g  

th e  standard d e v ia t io n s  o f  th e  two in fr a -r e d  a n a ly t ic a l  methods 

employed allow ance was made fo r  th e  fo llo w in g  f a c t o r s .  F ir s t l y ,  th a t  

sample XI072 was used as a standard fo r  comparison w ith  th e  o th er  

sam ples and th e  f ig u r e  o f  100 .0^  rep orted  as b e in g  the estim ated  fr e e  

s i l i c i a  content o f  t h i s  sample i s  not th ere fo re  a tru e  r e s u l t ,  and, 

secon d ly , th a t sm all n e g a t iv e  v a lu e s  were in  f a c t  obtained  fo r  th e  

estim ated  fr e e  s i l i c a  con ten ts  o f  a number o f  d u s t s . W hile th e  l a t t e r  

r e s u l t s  have no p h y s ic a l s ig n if ic a n c e  and were th e r e fo r e  rep orted  as 

b e in g  zero in  T able 16, th e  a c tu a l v a lu e s  ob ta in ed  must n a tu r a lly  be
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taken in to  account when estim atin g  the aocuracy o f  th e  method.

The fr e e  s i l i o a  con ten ts o f  th ree  samples 6 f  airborne c o a l mine 

dust were then estim ated  u s in g  th e p e l le t in g  method d escrib ed  above.

In t h i s  ca se  th e  a c tu a l s i l i c a  con ten ts o f  th e samples w ere, o f  

cou rse , unknown and th e  accuracy o f  th e  in fr a -r e d  method fo r  t h i s  

a p p lic a tio n  was judged by conducting p a r a l le l  estim a tio n s u sin g  

th e Shaw-Skinner sem i-m icro gravim etr ic  method. The in fr a -r e d  

a n a ly s is  was implemented in  a manner e x a c t ly  s im ila r  to  th e  method 

d escrib ed  above, th e  samples b e in g  ashed p r io r  to  a n a ly s is  t o  o b v ia te  

in te r fe r e n c e  from th e number ou s absopption bands due to  organ ic m atter 

(33) p resen t in  the a irborne c o l l ie r y  d u st, and a m ixture o f  0*05 g . 
ash, 0 .0 5  gp quartz and 10 g* potassium  bromide b e in g  used fo r  

p e l le t in g ,  as th e fr e e  s i l i c a  conten t o f  a irborne c o a l mine dust 

ash i s  alm ost in v a r ia b ly  l e s s  than 50^. The r e s u l t s  obta in ed  are 

g iven  in  T able 17 and i t  w i l l  be seen th a t  good agreement i s  obtained  

between the in fr a -r e d  and th e  grav im etr ic  method, ta k in g  in t o  account 

th e con sid erab le  exper im ental error in v o lv ed  in  both m ethods.

Table 17

Comparison o f  Methods fo r  th e E stim ation  o f  Free S i l i c a  

in  Airborne C o ll ie r y  Dust

Sample Estimated Free S i l ic a  Content CfC)
Shaw -  Skinner Infra -  Red

3.K.6 2.1 1o3

3 .K. 7  -• 1.0 0.7

3 pK,6 12*3 9 . 9 ’ •■
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S in ce  th e  ab sorp tion s shown by th e  potassium  bromide p e l l e t s  were 

found to  obey Lam bert's Law th e  accuracy o f  the method o b v io u sly  

depended upon c o n s is te n c y  in  th e th ick n ess  o f  th e p e l l e t s  produced.

The p e l l e t s  formed were a c tu a l ly  found to  have a th ic k n e ss  between
-3  _3

13*2 and 15*1 in  x  10 w ith  an average th ic k n e ss  o f  14*2 in  x 10
—3and a standard d e v ia t io n  in  th ic k n e ss  o f  0 ,6  in  x 10 , w h ile  th e

mass o f  th e  c r y s t a l  v a r ie d  from 0*1196 g . to  0*1357 g* w ith an average 

mass o f  0*1269 go and a standard d e v ia tio n  in  mass o f  0*0052 g .

O bviously a good d ea l o f  th e  inaccu racy  noted  must proceed from t h i s  

source and much o f  t h i s  in accu racy cou ld  be e lim in a ted  by employing 

an in te r n a l  standard (43) such as potassium  th io cy a n a te  which does n o t  

have ab sorp tion  bands in  th e  reg ion  o f  1 2 *5 0 -u w avelength .

TVhile in accu racy , due to  v a r ia t io n s  in  c r y s t a l  th ic k n e ss  may thus  

b e  é lim in â ted, error w i l l  n e v e r th e le s s  proceed from the fo llo w in g  

so u rces , namely : (a ) p resen ce o f  p a r t i c le s  o f  g rea ter  than 1 >tt in

s i z e ,  (b) incom plete  d isp e r s io n  o f  th e  s o l id  under a n a ly s is  in  th e  

potassium  brom ide, ( 0) w e igh ing and tr a n sfe r  errors r e s u lt in g  in  

v a r ia t io n  o f  c o n c en tr a t io n , (d ) in stru m en ta l erro rs  and (e )  errors  

due to  th e  su p er im position  o f  th e  sp ec tra  o f  th e  c o l l ie r y  dust ash  

c o n s t itu e n ts ;  o th er  than q u artz , which d isp la y  ab sorp tion  maxima in  

th e reg ion  o f  1 2 *5 0 "4& w avelen gth . I t  i s  thought th at erro rs  due to  

th e  f i r s t  fou r causes can be  reduced to  a s a t i s f a c t o r i l y  low l e v e l ,  

b u t, w h ile  l i t t l e  in te r fe r e n c e  from su p er im p osition  o f  th e sp ec tra  

o f  c o l l ie r y  dust c o n s t itu e n ts  o ther than quartz was d e tec ted  in  th e  

p resen t in v e s t ig a t io n , more d e ta i le d  work w ith a more s e n s i t iv e  

instrum ent may show th a t a llow ance (44) fo r  d i l lu e n t s ,  such a s  

k a o l in i t e  and m uscovite which show weak ab sorp tion  bands in  th e  reg ion  

o f  1 2 *50 '*  w avelength , would improve th e  accuracy o f  th e  method.

C onclusions

W iile  th e  Shaw-Skinner sem i-m icro grav im etr ic  method i s  e f f e c t iv e  

when a p p lied  to  a irborne c o l l i e r y  du sts in  y ie ld in g  data on th e ir  f r e e  

s i l i c a  con ten t o f  rea son ab le  accuracy and p r a c t ic a l  v a lu e , i t s  ex ecu tio n
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i s  v ery  tim e-consum ing, about 20 man-hours b e in g  req u ired  fo r  a 

d u p l ic a te  d eterm in ation , and t h i s  fa c to r  i s  a se r io u s  h indrance in  

work o f  t h i s  s o r t ,

An in fr a -r e d  sp ectrograp h ic  method in  wh ich th e  du st under a n a ly s is  

i s  d isp er sed  b e fo r e  exam ination in  a potassium  bromide p e l l e t  has been  

su g g ested  above as an a lte r n a t iv e  t o  th e  grav im etr ic  method. T h is  

method appears to  be o f  comparable acouracy to  th e  Shaw-Skinner method 

and r eq u ire s  on ly  about four man-hours fo r  th e  d u p l ic a te  determ ination©  

The method, how ever, i s  in  meed o f  fu r th e r  in v e s t ig a t io n  b e fo r e  com plete  

r e l ia n c e  can be p laced  upon i t ,  and i t  i s  thought th a t  such in v e s t ig a t io n  

would fb r th er  in c r e a se  i t s  accu racy .

A lt  e r n a t iv e ly  th e  x -^ ay  d i f f r a c t io n  method develop ed  by  

Nagelschm idt ( 24) may be used  to  r a p id ly  determ ine th e  f r e e  s i l i c a  

co n ten ts  o f  th e  du sts*  T h is method, how ever, r eq u ire s  h ig h ly  

developed  and exp en sive  equipment®
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ESTIMATION OF THE TOTAL SILICA CCNTENT OF DUSTS 

In tro d u c t io n

The p a th o g e n ic i ty  o f  an a irb o rn e  d u s t c o n ta in in g  f r e e  s i l i c a  i s  

l a r g e ly  d e p en d e n t, from a s i l i c o s i s  v ie w p o in t, on th e  p ro p o r t io n  o f  

th e  s i l i c a  c o n te n t o f  th e  d u s t which i s  p re s e n t  i n  th e  f r e e  o r 

uncombimed form .

The " s i l i c a  s o l u b i l i t y "  o f  t h e  d u st i s  g r e a t ly  red u c ed  w here a 

l a r g e  p ro p o r t io n  o f  th e  s i l i c a  c o n te n t  o f  th e  d u s t i s  p re s e n t  i n  th e  

combined form  a s  s i l i c a t e .  The red u ced  s o l u b i l i t y  o f  th e  q u a r tz  

c o n te n t o f  h ig h  s i l i c a t e  d u s ts  i s  in  f a c t  due to  a  sm all amount o f
.4

alum inium  h y d ro x id e  r e l e a s e d  by  th e  m in e ra l s i l i c a t e s  which a re  

g e n e ra l ly  in  th e  form  o f  k a o l in s  m icaceous m in e ra ls ,  w hich goes 

in to  s o lu t io n  in  th e  w a te r t o  a  s u f f i c i e n t  e x te n t  to  d e p o s i t  on th e  

q u a rtz  p a r t i c l e s , c o a t i n g  t h e i r  s u r f a c e .  I t  i s  a ls o  th o u g h t t h a t  

th e  re d u c e d  p a th o g e n ic i ty  o f  h ig h  s i l i c a t e  d u s ts  i a  due to  t h i s  c a u s e .

On acco u n t o f  t h i s  e f f e c t  i t  was c o n s id e re d  a d v is a b le  t o  d e te rm in e  

th e  t o t a l  s i l i c a  c o n te n t o f  each a irb o rn e  d u s t  sample in  a d d i t io n  to  

e s t im a t in g  i t s  f r e e  s i l i c a  c o n te n t ,  so t h a t  th e  s i l i c a  p re s e n t  i n  each 

d u s t sample in  th e  combined form  c o u ld  r e a d i ly  b e  o b ta in e d  b y  d i f f e r e n c e .  

The problem  o f  d e te rm in in g  th e  t o t a l  s i l i c a  c o n te n t  o f  a  su b s ta n c e  i s  

much l e s s  c o m p lica te d  th a n  th e  problem  o f  d e te rm in in g  the f r e e  s i l i c a  

c o n te n t ,  a s  no d i s t i n c t i o n  n e ed , o b v io u s ly , be  made betw een th e  two 

ty p e s  o f  s i l i c a  p re s e n t  in  th e  d u s t .

G rav im e tric  Method

K in g 's  sem i-m icro  g ra v im e tr ic  te c h n iq u e  (4 5 ) ,  which i s  f u l l y  

d e s c r ib e d  in  A ppendix A, was a d o p te d  as  th e  s ta n d a rd  m ethod f o r  

e s t im a t in g  th e  t o t a l  s i l i c a  c o n te n t  o f  th e  a ir b o r n e  c o l l i e r y  d u s ts  

exam ined. The m ethod c o n s i s t s  e s s e n t i a l l y  o f  a  f u s io n  o f  th e  sam ple 

w ith  sodium c a rb o n a te , a f t e r  w hich th e  s i l i c a  i s  p r e c i p i t a t e d  from  th e  

fu s io n  p ro d u c ts ,  f i l t e r e d ,  and f i n a l l y  e s tim a te d  b y  e v a p o ra tio n  w ith  

h y d ro f lu o r ic  a c i d .
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I t  was found th a t  when th e  c o l l i e r y  d u s t was ashed  p r i o r  to  th e  

fu s io n  s te p ,  which d e c rea se d  lo s s e s  due to  s p u r t in g  o f  th e  m e l t ,  a  

r e p r o d u c ib i l i ty  o f  w ith in  »  0 .5 ^  th e  s i l i c a  c o n te n t was o b ta in a b le .

Each e s t im a tio n  was c a r r ie d  out in  d u p l ic a te  and th e  r e s u l t s  o f  t h i s  

su rvey  a re  re p o r te d  in  th e  f i n a l  s e c t io n  o f  th e  th e s is *

K in g 's  semi-4aicro g ra v im e tr ic  method was b o th  r e l i a b l e  and 

re a so n a b ly  a c c u ra te ,  hav ing  an e s t im a te d  a ccu racy  o f  about -  when 

a p p lie d  to  th e  d e te rm in a tio n  o f  th e  t o t a l  s i l i c a  c o n te n ts  o f  a ir b o r n e  

c o l l i e r y  d u s ts ,  b u t  i t  was a l s o ,  how ever, b o th  r a t h e r  expensive  o f  

d u s t ,  about 0*5 g* o f  d u s t b e in g  r e q u ir e d  f o r  an a c c u ra te  d u p l ic a te  

a n a ly s i s ,  and r a th e r  tim e-consum ing , about 12 m an-hours b e in g  r e q u i r e d  

f o r  th e  d u p lic a te  d e te rm in a tio n *

C o lo r im e tr ic  E s tim a tio n

Àn a ttem pt was th e r e f o r e  made t o  a n a ly se  th r e e  a irb o rn e  c o a l  

dust sam ples (3*K*6*, 3#K*7. and 3*K .8) u s in g  a r a p id  c o lo r im e tr ic  

method which would b e  econom ical in  d u s t .  An a d a p ta t io n  o f  th e  

molybdenum ', b lu e  method used  by  C le l la n d  (46 ) ,  d e sc r ib e d  below , was 

employed*

The fo llo w in g  s o lu t io n s  were made up

(a )  S ta n d ard  S i l i c a  S o lu tio n  ;

0*0392 g* o f  com m ercial sodium s i l i c o f l u o r i d e  was d is s o lv e d  in  

d i s t i l l e d  w a ter and th e  s o lu t io n  was made up to  5OO ml* and s to r e d  

in  a  p o ly th en e  b o t t le *  T h is  s o lu t io n  was e q u iv a le n t  to  a  s o lu t io n  

o f 0*025 g* s i l i c a  in  1 l i t r e  o f  d i s t i l l e d  w a te r , ta k in g  a  p u r i ty  

f a c to r  o f  999  ̂ f o r  th e  sodium s i l i c o f l u o r i d e .

(b ) 5 ^  Ammonium MolybdAtéc S o lu tio n

"A nalar" ' ammonium m olybdàte * (6  g*) was d is s o lv e d  i n  a  l i t t l e  

d i s t i l l e d  w ater*  The s o lu t io n  was th e n  f i l t e r e d  th ro u g h  a  W hatm an's 

No* 542 p ap er and made up t o  100 ml* 6N s u lp h u r ic  a c id  (20 m l.)  was 

th e n  slow ly  added to  th e  s o lu t io n  w ith  c o n s ta n t s t i r r i n g .
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(d) Reducing Solution

"Ana la r "  sodium s u lp h i t e  (60  g . )  and "A n a la r"  h y d ro q u in one (10 g«) 

were d is s o lv e d  in  d i s t i l l e d  w a te r  and th e  s o lu t io n  was made up to  

500 m l. w ith  d i s t i l l e d  w a te r .

The i n t e n s i t y  o f  th e  b lu e  c o lo u r  p roduced  when u s in g  t h i s  m ethod 

was m easured by an E .E .L . c o lo r im e te r  u s in g  a  r e d  f i l t e r  ( I l f o r d  

No* 608) c The c o lo r im e te r  was c a l i b r a t e d  as fo llo w s*  S o lu t io n s  

c o n ta in in g  25 ml* o f  b o r a te  b u f f e r  and  1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , and 10 m l. 

o f  s ta n d a rd  s i l i c a  s o lu t io n  were p la c e d  in  c e l lu lo s e  a c e ta t e  

( " L u s te ro id " )  tu b e s  and made up to  43 m l. w ith  d i s t i l l e d  w ater*

3ffo ammonium m olybdato  (2  m l.)  was added  to  each tu b e , th e  s o lu t io n  

was s t i r r e d  f o r  30  seconds and th e  y e llo w  c o lo u r  a llo w e d  to  develop  

fo r  f iv e  m inutes*  R educing  s o lu t io n  (5  m l.)  was added and th e  

s o lu t io n  s t i r r e d  f o r  30 seconds* The b lu e  c o lo u r  was a llo w ed  to  

d ev e lo p  f o r  30 m in u tes  and i t s  i n t e n s i t y  was th e n  m easured  by  th e  

c o lo r im e te r*

A c a l i b r a t i o n  graph  o f  c o lo r im e te r  r e a d in g  a g a in s t  s i l i c a  

c o n c e n tr a t io n  was th e n  p l o t t e d ,  in  which c o n c e n tr a t io n s  o f  s i l i c a  

were e x p re s s e d  a s  mg. s i l i c a / 5 0  m l. o f  t o t a l  s o l u t io n .

The t o t a l  s i l i c a  c o n te n ts  o f  th e  a irb o rn e  c o l l i e r y  d u s ts  w ere 

th e n  e s t im a te d  a s  f o l lo w s .  About 0*02 g* o f  d u s t  was w eighed ou t 

a c c u r a te ly  i n to  a  p la tin u m  c r u c i b l e ,  a sh ed , and in t im a te ly  m ixed 

w ith  0«45 go o f  sodium  b o r a te  and 2*79 g . o f  b o r ic  a c id  ( S 250 m l. 

o f  b o r a te  b u f f e r  s o lu t io n )  • The whole was h e a te d ,  g e n tly  a t  f i r s t  

to  d r iv e  o f f  w a te r  o f  c r y s t a l l i s a t i o n  and th e n  v ig o ro u s ly  u n t i l  

fu s io n  was c o m p le te . B efo re  c o o lin g  th e  c r u c ib le  was t i l t e d  to  

a llo w  th e  m ix tu re  t o  sp re a d  up th e  s id e s  in  o r d e r  t o  f a c i l i t a t e  

g e t t i n g  th e  mass i n to  s o lu tio n *  The c r u c ib le  was th e n  c o o le d  and 

th e  c o n te n ts  w ere ta k e n  in to  s o lu t io n  by  g e n t ly  h e a t in g  th e  c r u c ib le  

c o n ta in in g  warm d i s t i l l e d  w a te r  on th e  w a te r  b a th *  The c o n te n ts  

w ere th e n  f i l t e r e d  i n to  a  250 m l. g ra d u a te d  f l a s k  and  th e  e x t r a c t io n s  

R epea ted  u n t i l  th e  fu se d  mass was co m p le te ly  in  s o lu t io n *  A f te r
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w ash in g  th e  f i l t e r  fu n n e l  w ith  warm w a te r , th e  s o lu t io n  in  th e  f l a s k  

was a llo w ed  to  c o o l and  th e n  made up t o  th e  m ark.

P o r t io n s  o f  t h i s  s o lu t io n  w ere now t e s t e d  f o r  i r o n  and p h o sp h a te  

(45 ) b u t  th e s e  were found  to  b e  a b se n t i n  e v e ry  c a s e . T hus, w h ile  

a  number o f  in o rg a n ic  a n io n s  and c a t io n s  i n t e r f e r e  w ith  th e  

molybdenum b lu e  c o lo u r  r e a c t io n  (4 7 ) , few o f  th e s e  a r e  l e f t  i n  a 

w a te r  s o lu b le  form a f t e r  a  b o r a te  f u s io n .

A few m l. o f  th e  t e s t  s o lu t io n  was th e n  m easured  in to  a  " L u s te ro id "  

t e s t  tu b e  c o n ta in in g  25 m l, o f  b o r a t e  b u f f e r  s o lu t io n ,  made up to  43 m l. 

w ith  d i s t i l l e d  w a te r  and th e  molybdenum, b lu e  c o lo u r  was d e v e lo p ed  and 

i t s  i n t e n s i t y  m easured  u s in g  th e  .E .E .L . c o lo r im e te r  as d e s c r ib e d  ab o v e . 

The s i l i c a  c o n te n t  o f  th e  s o lu t io n  was th e n  fo und  u s in g  th e  c a l i b r a t i o n  

g raph  and th e n c e  th e  s i l i c a  c o n te n t  o f  th e  d u s t u n d er a n a ly s i s  was 

c a lc u la t e d .  The volume o f  t e s t  s o lu t io n  ta k e n  depended on th e  s i l i c a  

c o n te n t  o f  th e  d u s t  and was a d ju s te d  to  g iv e  a  c o n c e n tr a t io n  o f  0*1 to  

0*2 mg* S i  0 ^ 5 0  m l. i n  th e  f i n a l  s o lu t io n .

The a c c u ra c y  o f  a c o lo r im e t r ic  m ethod very  s i m i l a r  t o  t h a t  

d e s c r ib e d  above h as been  shown to  be -  1 •75a  ( 4 8 ) .  In  c o n t r a s t  w ith  

th e  g ra v im e tr ic  m ethod, w hich r e q u i r e s  abou t 0*5 g© o f  d u s t and 12 

h o u rs  f o r  a  d u p l ic a te  d e te rm in a tio n , th e  c o lo r im e t r ic  method d e s c r ib e d  

above can b e  s u c c e s s f u l ly  co n d u cted  on o n ly  0 .0 2  g# o f  d u s t and o n ly  

about fo u r  m an-hours a r e  r e q u ir e d  f o r  th e  d u p l ic a te  d e te rm in a tio n .

Comparison of Methods

The r e s u l t s  o b ta in e d  u s in g  b o th  th e  above c o lo r im e t r ic  method and 

S lin g 's  sem i-m icro  g ra v im e tr ic  te c h n iq u e  on th r e e  a irb o rn e  c o l l i e r y  d u s t  

sam ples a re  g iv en  i n  T a b le  18*
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Table 18

Comparison of Methods for the Estimation o f Total S i l ic a  
..................... in  Airborne Coal liine Dusts

Sample Reference Estimated Total S i’Lica Content
Gravimetric Colorimetric

3 .K*6 9.8 11.1

...............3*K*7....................... 9 .9

■ 3*K*8 * 31 .3 33.1

The re su lts  given in  Table 18 show agreement w ithin the lim its  of  
acouracy o f  the methods employed, although the predominantly higher 
values, for  the to ta l  s i l i c a  contents of the dusts given by the  
colorim etric method may have been due to  the fa ct that the pur ity  
factor taken for the "technical" grade sodium s ilic o f lu o r id e  used 
in  ca lib ration  was too h igh. However agreement i s  su ff ic ie n t ly  good 

to  show that the colorim etric method described above i s  a fa ir ly  
accurate means of estim ating the to ta l s i l i c a  content o f airborne 
c o llie r y  dusts* Further, since i t  in volves le s s  time and requ ires 
le s s  dust than the gravimetric technique, i t  i s  to be preferred in  
in v estig a tio n s in to  the s i l i c o s i s  hazard o f airborne c o ll ie r y  dust, 
as in  th is  type o f work large sampling errors are involved and much 
time i s  requ ired in  order to  c o lle c t  a small amount o f dust underground#
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ESTIMATION OF TES CARI3QN AND CARBONATE CONTENTS OP DUSTS 

Introduction
In many coal mines pulverised limestone i s  used when rock- 

dusting to a llay  the danger o f  coal-dust explosions. I t  was 
therefore in terestin g  to discover whether large q uan tities of th is  
limestone dust were normally entrained from the roadways so that 
the typ ica l airborne dust in  the c o llie r y  contained a substantial 
proportion of lim estone. Consequently the carbon and carbonate 
contents o f two typ ica l airborne co llie ry  dusts were determined 
using established methods of fuel an alysis, in  order to discover 
whether these dusts contained sign ifican t q uan tities o f  lim estone.

Results
The carbon contents o f both samples were determined by high 

temperature combustion in  a stream of pure oxygen, followed by 
absorption and weighing of the carbon dioxide formjed, while the 
carbonate contents -tvere determined by the volumeteric method of 
Sinnatt and Harrison (49). The resu lts of these determ inations 
together w ith the to ta l s i l ic a  contents of the two samples employed 
are given in  Table 19*

TAELS 19.
Carbon and Carbonate Contents o f  Dusts

Sample Ash (jî) Carbon (fo) Carbonate (fa) Total S i l ic a  (fo)

0 .4 . 52,9 34,7 1.1 25.6

3.K.5. 28.0 4 8 .2 0 .4 13J

Conclusions
Since i t  could be calculated from the re su lts  o f the combustion 

determ inations th at, on the dry ash free b asis, sample C.4. contained 
8l,1Jb carbon and 3,2̂ o hydrogen while sample 3.K .5. contained 6 7 . 3 /o 
carbon and 4.3/u hydrogen and since the carbonate contents o f  these 
samples are only respectively  1.1^ and 0 , 1̂ 0, i t  i s  obvious that the 
dusts con sist e s sen t ia lly  o f coal p a rtic le s  with m ineral s i l ic a te s  as
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d i l l u e n t  and t h a t  on ly  a v e iy  sm a ll p ro p o r t io n  o f  lim e s to n e  o r  o th e r  

m in e ra l c a rb o n a te s  a re  p re s e n t .

RESULTS AIO CONCLUSIONS 

R e su lts

(a )  P i l o t  Samples

Ten p i l o t  sam ples were f i r s t  o b ta in e d  from n in e  d i f f e r e n t  

S c o t t i s h  p i t s ,  by co n tin u o u s c o l l e c t io n  underground o v e r a p e r io d  

o f  d ay s . The s o u rc e s , tim es o f  c o l le c t io n  and w e ig h ts  o f  th e s e  

sam ples a re  g iv en  in  Table 20 , w h ile  th e  r e s u l t s  o f t h e i r  a n a ly se s  

a re  re p o r te d  i n  T able 21. Only one o f  th e  sam ples o b ta in e d  ( E .P . Ï .  ) 

was i n  a iy  way s u s p e c t . T h is  sample c o n ta in e d  p ie c e s  o f  c o a l w e ll  

o v er 1 cm. in  s i z e ,  -which were re p u te d ly  due to  s h o t f i r in g ,  and 

th e re fo re  on ly  th e  p o r t io n  o f  th e  sample p a s s in g  a 200 mesh B .S . s ie v e  

was s u b je c te d  to  a n a ly s is .  However th e  f a c t s  t h a t  an u n u su a lly  h ig h  

p ro p o r tio n  o f  f in e  m a te r ia l  o f  l e s s  th an  1 -tt i n  s iz e  and th a t  an 

u n u su a lly  h ig h  p ro p o r t io n  o f s i l i c a t e  m a te r ia l  were p re s e n t  in  th e  

sam ple, as seen  in  Table 21 , te n d  to  confiim  t h a t  th e  la rg e  p ie c e s  o f  

c o a l  found in  th e  sample d id  in d eed  o r ig in a te  from sh o ts  be ing  f i r e d  in  

th e  imm ediate v i c i n i t y  o f  the  c o l l e c to r .

The f ig u r e s  re p o r te d  ih  T able 21 as  "1-lass were d e te rm in ed

from p a r t i c l e  s iz e  a n a ly s is  o f  th e  r e - d is p e r s e d  d u s t  u n d er th e  V ic k e rs  

M icroscope u s in g  a  4  *2m. o b je c tiv e  a s  no com prehensive therm al p r e 

c i p i t a t o r  su rv ey s were c a r r ie d  o u t d u rin g  th e  c o l l e c t io n  o f  th e s e  p i l o t  

sam ples. The f ig u r e s  r e p o r te d  as "Mass f  <  1 w ere a ls o  d e te rm in ed  

by exam ination  o f  th e  s im i la r ly  r e d is p e r s e d  d u s t  under th e  e le c t r o n  

m icroscope u s in g  a m a g n if ic a tio n  o f  2,600 X and th e re fo re  both  o f  th e se  

f ig u r e s  w i l l  c o n ta in  a c o n s id e ra b le  e r r o r  due to  p re sen c e  o f  a g g lo m era tes .

The e le c t r o n  d i f f r a c t i o n  p a t te r n s  o b ta in e d  a p p ea r m erely  to  show 

t h a t  a degree o f  su r fa c e  c ly  s t a l l  i n i  ty  was p r e s e n t  in  th e  sam ples and 

i t  would a p p ea r, p i r t i c u l a r l y  i n  th e  case  o f  sample E . P . I . ,  t h a t  

d i f f r a c t i o n  p a t t e r n s  were o b ta in e d  n o t  on ly  from th e  q u a r tz  c o n te n t  o f



the dust, but also fron various s il ic a te  m inerals present in  the dust.

Since workers would not nom ally be continuously exposed to  the 
airborne dust o f  the co lliery  but would work in  a se r ie s  o f successive  
sh if t s  the purpose of these p ilo t  samples was to estim ate the spread 
of re su lts  l ik e ly  to be obtained in  these in v e stig a tio n s, rather than 
to  estim ate the health hazard of the dust to workers exposed to i t s  
e f fe c ts . I t  w ill  be seen that both the p a rt ic le  s iz e  d istr ib u tion  
and the s i l i c a  contents, with the possible exception o f s an pie  
are o f the same order for a l l  the samples, Further, where the free  
s i l ic a  content o f  the dust i s  seen to increase above the average value 
for the samples th is  is  generally accompanied by a sim ilar increase in  
the to ta l s i l ic a  content of the dust.

I t  i s  also seen that there i s  good agreement, at le a s t  in  a 
q u a lita tive  sense, between the resu lts  obtained using the op tica l 
microscope and those obtained using the electron microscope.

I t  may be noted also that the two samples co llec ted  continuously  
in  the same section  of the same p it  in  fa ir ly  c lo se  succession  
(3 .K .1 ., and 3 .K .2,} are very sim ilar both in p a rtic le  s ize  d istr ib u tion  
and in  cheasical composition. This appears to in d icate that the average 
dust composition at one point in  a particular p it  does not normally 
a lter  rap idly.

(b) S h ift  Samples
In order that the typ ical dust to which various workers would 

normally be exposed could be examined, samples co llec ted  en t ire ly  during 
one of the three sh if ts  (cu ttin g , stripping and brushing) were obtained 
from Cardowan No. 1 Colliery and from K ingsh ill No, 3 C olliery, These 
samples were co llected  in  the return airway in  order to estim ate the health  
hazard to face-workers but, in  addition, one sample was co llec ted  
continuously in  the intake airway in Cardowan No. 1 C olliery during 
co llec tio n  of the sh if t  samples in  order to estimate the health hazard 

to workers in  th is  airway.
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TAEtB 20

Sample Source and D ates C o lle c te d W eight ( g . )

3 .K .1 . K in g s h i l l  No, 3 C o l l ie ry , S h o t t s ,  a t  
No, 7 Mid Coal S e c tio n , from 2 0 /2 /5 6  
to  2 5 /^ 5 6 2 .0

C . i . Cardowan C o llie ry  i n  E i ^ t  R eturn  
Airway a t  No, 2 E a s t  S e c tio n ; frcra 

2 5 /^ 5 6  to  V 3/56 13 .2

3 .K .2 . K in g s h i l l  No, 3 C o l l ie ry ,  S h o tts  a t  
No, 7 Mid Coal S e c tio n ; fron  1 2 /3 /5 6  
to  1 7 /3 /5 6 1 .0

1 .K .1 , K in g s h il l  No. 1 C o ll ie ry , S h o t ts ,  a t  
S e c tio n  4 , West B; from 1 3 /3 /36  to  
17/ 3/56  and from 19/3 /56  to  2 9 /3 /5 6 0 .7

L .V .1 . Lady V ic to r ia  C o l l ie ry , Newt engrange, 
in  R e tu rn  Roadway o f  N ew battle  No. 4  
S e c tio n . Sample c o l le c te d  f o r  one 
week ending 28 /3 /56 3 .6

P .1 . P le a n  Main C oal, A llo a  A rea, a t  
P e e le r  S e c tio n ; C o lle c to r  ran  f o r  
5 days end ing  18/ 4/56 16 .0

E .P .1 . T h is  sam ple was c o l le c te d  somewhere 
in  th e  E a s t  F ife  Area and co n ta in ed  
p ie c e s  o v e r 1 on. in  s i z e .  I t  was 
th e r e f o re  su sp ec ted . Times o f  
c o l l e c t io n  unknown 5 .5

M,1. M auchline C o l l ie ry , West Ayr A rea; 
c o l l e c t o r  ran  f o r  f iv e  days ending
20/ 4/56 2 .0

V .1. V a l le y f ie ld  C o l l ie r y ,  D unferm line, a t  
D unferm line S p l in t  S e c tio n ; c o l l e c t o r  
ra n  f o r  f iv e  days ending  23/ 4 /5 6 0 .7

L .1 . L u g ar Works, Cumnock, A y rsh ire . Times 
o f  c o l l e c t io n  unknown 1 .0
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Sample
Mass % ! 

^  1 ^  .
Mass ^  1 
< E le c tro n  M croscopy

Ash Free
S i l i c a

T o ta l
S i l i c a

($0
E l

3 .K .1 .

f
1 .4 36.1 Yeiy f in e .  Almost a l l  

< ! 0 - U
31.5 4 .4 15.4 M

0 .1 . 0 .2 19.2 M ainly la rg e  1 -  30-a  
w ith  a co n sid erab le  
nuaber o f f in e  p a r t i c l e s  

< 3 -U 32.5 5 .3 12.0

I
1
H
g

3 .K .2 . 0 .9 24.1 F in e . M ostly <  1 0 ^ 31.2 4 .0 14.5 M

I .K .1 . 1 .4 26.7 F in e . M ostly <  10-44. 44.8 3 .2 21.2 F
f
R

L .V .1 . 1.1 30.2 F ine . M ostly <  10-44 39 .8 5 .4 20.8 F
s
g
P
0

P .1 . 0 .2 . 20.2 M ainly la rg e  t - 30>u
Ocm paratively l i t t l e  
f in e  m a te r ia l

17.2 4 .4 9 .0 R
c
0
a
g

E.P. 1.
K

3 .3 51.8 A few p a r t i c l e s  > 30-«  
but m ainly 1 -  2 0 ^  w ith  
co n sid erab le  f in e  m a te ri 

< 1 ^

41 .8

a
1 .0 21.3 F

c
0

M.1. 0 .7 39 .2 M ainly 1 -  10x4. Very 
l i t t l e  g re a te r  than  20-U 
rather f&tt f in e  partLdes.

61.4 12.7 30.7 F
c
0

V.1. 0 .2 13.8 M ainly very la rg e  1 -  
50 -u. Much l e s s  th an  
u su a l < 3 ^ .

16.5 2 .7 7.6 Fa
o r
He.
g r
&

L.1 0 .2 20.8 L argely  1 -  10-U w ith  a 
few p a r t i c l e s  o f about 
20^

29.4 4 .7 16.0 Fa
ci:
Ri
ma

hex
g r

S£ Indicates suspect sample. Only the fraction passing a 200 mei 
B.S. sieve ( < 200»̂ ) was subjected to the processes of analyi
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The so u rc e s  o f  th e  Cardowan s h i f t  sam ples a re  g iven  in  T ab le  22 

to g e th e r  w ith  th e  mean d u s t  c o n c e n tra t io n s  e x i s t i n g  d u r in g  t h e i r  c o l l 

e c t io n  and t h e i r  in d iv id u a l  w e ig h ts . The i^ e su lts  o f  a n a ly s i s  o f  th e se  

sam ples a re  g iv en  i n  T able 23 . The r e s u l t s  o f  th e  s h i f t  sam pling  

in v e s t ig a t io n  i n  K in g s h i l l  No, 3 C o l l ie ry  a re  g iv e n , i n  s im i l a r  f a s h io n , 

in  T ab le s  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 
thermal precipitator slides selected to be representative of the mean 
dust concentrations during collection and performing particle size 
analysis under the Vickers microscope using a 4 mm, objective. The 
Mass % <  1-u" figures were calculated from the mean 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 taken of the higher resolution of the Beck instrument employed by 
the National Coal Board in their routine dust counts. The figures 
given for "]vlass <  1 -44" and "Mass%<5-^" should therefore be free 
from dispersion error and substantially free from sampling error, 
although seme error may occur in the former 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 coolant. The figures 
reported in Table 23 were obtained 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 determined using liquid nitrogen 
as coolant which reduced the experimental error to a more acceptable 
level.
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C o n sid e rab le  d i f f i c u l t y  was ag a in  ex p erien ced  i n  i n t e r p r e t i n g  th e  

s ig n i f ic a n c e  o f  th e  e le c t r o n  d i f f r a c t i o n  r e s u l t s ,  b u t good q u a l i t a t i v e  

agreem ent was ag a in  n o ted  between th e  i n s u l t s  o f th e  ex am in a tio n s  u n d e r 

th e  e le c t r o n  m icroscope and un d er th e  o p t ic a l  m ic ro sco p e .

I t  w i l l  be no ted  th a t  th e  p a r t i c l e  s iz e  d i s t r i b u t i o n s  and s i l i c a  

c o n te n ts  o f  th e  samples are  ag a in  a l l  o f  th e  same o rd e r ,  a lth o u g h  m inor 

changes do o ccu r from p i t  to  p i t  and frcra s h i f t  t o  s h i f t .  I t  w i l l  be 

se en  on exam ina tion  o f  th e  r e s u l t s  o b ta in ed  from th e  sam ple c o l l e c te d  

i n  th e  in ta k e  a irw ay , where th e  mean d u s t c o n c e n tra t io n  i s  lo w e r, t h a t  

many o f  th e  l a r g e r  p a r t i c l e s  o f c o a l d u s t ap p ea r to  have s e t t l e d  ou t 

le a v in g  a r a t h e r  h ig h e r p ro p o r t io n  th an  u s u a l  o f  f in e  p a r t i c l e s .  I n  

a d d it io n ,  how ever, a number o f  f a i r l y  la r g e  p a r t i c l e s  have a ls o  become 

a irb o rn e  and th e se  p robab ly  o r ig in a te d  fra n  low  energy  so u rc e s  such as 

may have been c re a te d  by r e p a i r  work in  th e  in ta k e  roadway.

At a c o n s id e ra b ly  l a t e r  d a te  a f u r th e r  s e r i e s  o f  s h i f t  sam ples 

was o b ta in ed  f r a a  K in g s h il l  No, 3 C o llie ry  and th e  so u rc e s , w e ig h ts  

and th e  r e s u l t s  of th e  a n a ly s is  o f  th ese  sam ples a re  g iv e n  i n  T ab les  

26 and 27 . These sam ples were o b ta in ed  w ith  th e  m ain o b je c t  o f  

develop ing  more ra p id  m ethods o f chem ical a n a ly s i s ,  b u t th e  r e s u l t s  

o b ta in ed  by th e  s tan d ard  m ethods o f  g ra v im e tr ic  e s t im a tio n  u sed  

th roughou t th e  rem ainder o f  th e  work a re  r e p o r te d  i n  T able  27 i n  o rd e r  

to  avoid  c o n fu s io n  due to  v a r i a t io n s  between r e s u l t s  o b ta in e d  by 

d i f f e r e n t  m ethods o f e s t im a tio n .

Comprehensive therm al p r e c i p i t a t o r  d a ta  f o r  the  p e r io d  o f  

o p e ra tio n  o f  th e  c o l l e c to r s  were n o t a v a i la b le  in  th e  ca$* o f  th e  

second s e r i e s  o f  s h i f t  sajmples. C onsequently  th e  "M ass^<5*^** f ig u r e s  

re p o r te d  in  Table 27 were c a lc u la te d  frcra p a r t i c l e  s i z e  a n a ly s is  o f  th e  

re  d is p e rs e d  d u s t ,  w h ile  th e  M ass^« d -« u "  f ig u r e s  were c a lc u la te d  frcra 

th e  mean d u s t c o n c e n tra tio n s  g iv en  in  T able 26 , in  th e  S e c tio n s  in  

which th e  d u s ts  were c o l le c te d  to g e th e r .
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TABLE 22

7/'eights and Sources o f S h ift  Samples from Cardowan

Samples were collected  over s ix  working days in  Cardowan No, 1 
C olliery at No, 3 East Section,

Sample Source & Time of  
C ollection

Mean Dust Concentration
( p .p .0 . 0 . )

Weight
(g)

0 , 2 , In Return Road 
during Cutting 
S h ift

( 0 .5  -  5 -tt) 981 
(1 -  5 -*t) 286

2 .2

0 .3 . In Return Road 
during Stripping 
S h ift

( 0 .5  -  5 -« ) 585 
( l  -  5 -«) 244

5 .5

0 ,4 . In Return Road 
during Brushing 
S h ift

( 0 .5  -  5 -« ) 1225 
(1 -  5 -a) 568

1 1 .7

0 .5 , In Intake Road 
continuously

(0 .5  -  5 -u) 626 
(1 -  5 m ) 123

1 .4
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Table 24.

Weights fcnd Soürces o f  F ir s t  S e r ie s  o f  S h i f t  Samples from K in A sh ill

A l l  the sam ples were c o lle c te d  by means o f  f i v e  samplers 

operatin g  sim u ltan eou sly  in  K in g sh i l l  No. 3 C o l l ie r y . The samples 

were c o lle c te d  co n seo t it iv e ly  u sin g  th e  same f i v e  c o l le c t o r s  in  the  

Return Road o f  No* 7 &Iid Coal S e c t io n .

Sample Time o f  C o llec tio n Mean Dust C oncentration  
( p .p .o .o . )

W eight
( g . )

3JC.3 During fou r  con* 
se c u tiv e  C utting  
S h i f t s

( 0 ,5  -  333  
(1 ~ 5 -u ) 164.

1 .2

3*K*2f During fou r con
se c u t iv e  S tr ip p in g  
S h i f t s

( 0 .5  -  5-v.) 824  
(1 -  5x*) 381

2 .5

3 .K .5 During th ree  con
se c u tiv e  Brush ing  
S h i f t s

( 0 .5  “  5-*0  512 
(1 -  5-tt) 272

2 .5
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Table 26

W eights and Sources o f  Second S e r ie s  o f  S h i f t  Samples f fo a  K in g sh i l l

The samples were obta in ed  u sin g  th r ee  c o lle c to r s  operatin g  sim ultan eou sly  

in  K in g s h i l l  No. 3 C o ll ie r y  a t N os. 2 and 3 South S e c tio n s  fo r  the per iod s  

in d ic a te d .

Sample Source &. Times o f  
C o lle c tio n

Mean Dust C oncentrations 
(p » p .c .c •)

Weight
( g . )

3JC.6 C o lle c te d  during 
C u ttin g  S h if t  ovef  
35 working s h i f t s

(0 .5  -  5m )  632 
(1 -  5 -« ) 297

3 .7 5

3.K#7 C o lle c te d  during  
S tr ip p in g  S h i f t  
over 10 working 
s h i f t s

( 0 .5  -  5>«) 311 
(1 -  5 -» ) 99

5 .5

3JC.8 C o llec ted  during  
Brush ing S h i f t  
over 15 working 
s h i f t s

( 0 .5  -  5 -« )  431 
(1 _ 5m ) 268

4 .9 5
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w ith th e  appropr iate p a r t ic le  s iz e  a n a ly se s . Both se ts  ©f f ig u r e s  are  

th e r e fo r e  su b ject to  a con sid erab le  error due to  incom plete d isp e r s io n  

o f  th e  d u s t .

The va lu es g iven  fo r  the s p e c i f ic  su rfaces  o f  th e  dust sam ples in  

Table 27 were obta ined by th ree  d i f fe r e n t  m ethods. F ir s t ly  by  

c a lc u la t io n  from th e  r e s u lt s  o f  o p t ic a l  a n a ly s is  o f  th e  red isp er sed  

d u s ts , secondly by d u p lica te  determ inations u sin g  th e  a i r  p erm eab ility  

method à f  Lea and Nurse and, f i n a l ly ,  by d u p lica te  determ inations u s in g  

th e  low  temperature n itrogen  adsorption  (B .E .T .) method employing l iq u id  

n itro g en  in  the co ld  b a th . I t  w i l l  be noted  th a t ,  vhereas th e  r e s u l t s  

obta in ed  u s in g  the a ir  p erm eab ility  method agree as to  th e  r e la t iv e  s iz e  

o f  th e  samples w ith th e  r e s u lt s  obtained  u sin g  th e m icroscopic method, such  

agreement i s  not shovm by th e  r e s u lt s  o f  th e  B .E .T . d eterm in a tion s. I t  

would appear th ere fo re  th a t th e  low tem perature n itr o g en  adsorption  method 

measures a s p e c if ic  su rface value which i s  l e s s  dependent upon p a r t ic le  

s iz e  than th e  value determ ined by an a ir  p erm eab ility  method.

The s i l i c a  contents o f  th e d u sts are o f  th e  same order a s b efore  

and where, in  sample 3»K*8., th e  fr e e  s i l i c a  conten t r i s e s  above the  

average v a lu e  for  a irborne c o l l ie r y  d u s ts , t h i s  in c r e a se  in  f r e e  s i l i c a  

content i s  la r g e ly  counteracted  by a corresponding in c r e a se  in  th e t o t a l  

s i l i c a  content o f th e  d u s t .

A comparison o f  th e  average ash con ten ts and s i l i c a  co n ten ts  o f  

w h ift  sam ples, averaged on th e  b a s is  o f  th e w e ights o f  such samples 

Tihich would be c o lle c te d  over an equal tim e in t e r v a l ,  and th e  chem ical 

com position o f  corresponding con tin u ou sly  c o l le c t e d  samples are g iven  

in  Table 28.
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T able 28

Comparisen ©f Corresponding S h i f t  and In teg ra ted  Samples

Sample Ash Free S i l i c a
w

T ota l S i l i c a

C.1 3 2 .5 5 .3 1 2 .0

Average V alues fo r  Cardowan 
S h i f t  Samples 3 9 .2 5 .4 1 8 .8

Average o f  2.K.1 and 3*^*2 3 1 .4 4*3 15.1

Average Values fo r  F ir s t  
S e r ie s  o f  S h i f t  Samples 
from K in g sh i l l

29 .2 3 .6 13 .8

Average Values fo r  Second 
S e r ie s  o f  S h i f t  Samples 
from K in g sh i l l

35 .7 5 .8 1 8 .4

The r e s u lt s  obtained  appear to  show th a t ,  w h ile  th e  dust com position  

may a l t e r  con sid erab ly  from s h i f t  to  s h i f t ,  the average dust com position  

at any p o in t in  a g iven  c o l l ie r y  remains f a i r l y  con stan t over con sid erab le  

p er iod s o f  tim e . S in ce  th e  second s e r ie s  o f  s h i f t  samples obtained from 

K in g s h i l l  No. 3 C o llie r y  were obta ined  a f te r  a con sid erab le  la p se  o f  tim e  

from a d i f fe r e n t  se c t io n  o f  th e  c o l l ie r y ,  i t  i s  not su rp r is in g  th a t th e  

average va lues obtained  from t h i s  s e r ie s  o f  samples agree l e s s  c lo s e ly  

w ith th e  values fo r  the corresponding in te g r a te d  samples than do th e  

average va lu es obtained  from th e  f i r s t  s e r ie s  o f  s h i f t  samples which 

were obta ined sh o r t ly  a f t e r  the in te g r a te d  samples in  th e same se c t io n  

o f  th e  c o l l ie r y
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C onclusions

The r e s u lt s  obtained  are not s u f f ic ie n t ly  numerous to  be 

s t a t i s t i c a l l y  s ig n if ic a n t .  They do however serve  to  'show th a t th e  

average f r e e  s i l i c a  content o f  a irborne c o l l ie r y  du st i s  low , exceed in g  

10^ o f  th e  t o t a l  in  th e  ca se  o f  on ly  one (M.1) o f  th e  tw enty samples 

exam ined. Further, where a dust has an u n u su a lly  h igh  fr e e  s i l i c a  

con ten t a correspond ingly h igh t o t a l  s i l i c a  content i s  g en era lly  found, 

so th a t th e  pathogen ic  e f f e c t  o f  th e  f r e e  s i l i c a  i s  reduced* From t h i s  

p o in t o f  view  l i t t l e  j u s t i f i c a t io n  has been found fo r  th e  th eory  th a t  

c o a l miners* pneum oconiosis i s  a m odified  form o f  s i l i c o s i s .

These in v e s t ig a t io n s  have a lso  shown th a t i f  i t  i s  in tended  to  carry  

out an e x te n s iv e  programme o f  dust sampling from vihich a s t a t i s t i c a l  

survey cou ld  be made i t  i s  very ad v isab le  to  r e s t r i c t  th e  t e s t s  ca rr ied  

out on th e  dust samples obtained  underground to  th o se  which can be  

ca rr ied  cut in  a f a i r ly  short per iod o f  tim e u s in g  on ly  a sm all q u an tity  

o f dust# In t h i s  vfay both  th e  sampling tim e underground and th e  tim e  

spent in  t e s t in g  in  th e  lab oratory  may be reduced and r e s u l t s  v/hich bear  

s t a t i s t i c a l  s ig n if ic a n c e  may be obta ined in  a sh orter  p er iod  o f  tim e , 

h h i le  methods are g iven  in  th e  main body o f  th e  work whereby th e  fr e e  

s i l i c a  and t o t a l  s i l i c a  conten ts o f  a irborne c o l l ie r y  dust samples may 

be determ ined iTith s u f f ic ie n t  accuracy in  a reasonable p er iod  o f  tim e  

u sing  on ly  sm all q u a n tit ie s  o f  d u st, no a lte r n a t iv e  has been found by  

th e  w r iter  to  the method o f  conducting an accu rate therm al p r e c ip ita to r  

m onitoring o f  the c o lle c t io n  poin t fo llo w ed  by m icroscop ic a n a ly s is , as 

a means o f  a ccu ra te ly  determ ining the p a r t i c le  s iz e  d is tr ib u t io n  o f  th e  

a irborne c o l l ie r y  d u s t , T h is provides another strong reason fo r  l im it in g  

th e  sampling tim e underground and apply ing on ly  t e s t s  which requ ircu a very  

sm all q u an tity  o f  dust*

In view o f  the f a c t ,  however, th a t a l l  o f  th e  c o l l ie r y  dust samples 

obtained  c o n s is te d  predom inantly o f  co a l m acéra is , as might be  exp ected , 

much more f r u i t f u l  r e s u lt s  might w e ll be ob ta in ed  by exam in ing th e s e
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c o n s t itu e n ts  o f  airborne c o l l ie r y  d u sts than by a prolonged s t a t i s t i c a l  

survey o f  m ineral or s i l ic e o u s  c o n s t itu e n ts  o f  th e  d u s ts .

S u ggestion s fo r  Future Work

In any fu tu re  survey designed to  a s so c ia te  th e  in c id en ce  o f  c o a l  

miner * s pneum oconiosis w ith  th e  s i l i c o s i s  hazard o f  th e  a irborne c o l l i e r y  

dust causin g  th e  d iso rd er , th e  w r iter  su ggests  th a t on ly  th e  fo llo w in g  

f a i r l y  rap id  t e s t s  should be a p p lied .

(a ) P a r t i c le - s iz e  a n a ly s is .  T h is may be c a rr ied  out by means o f  a 

d e ta i le d  exam ination under a s u ita b le  o p t ic a l  m icroscope o f » sm all 

number o f  therm al p r e c ip ita to r  s l id e s  s e le c te d  to  be r e p r e se n ta t iv e  

o f  th e  mean dust con cen tration  during c o l le c t io n .  I t  i s ,  o f  cou rse , 

a ls o  n ecessary  t o  carry out a prelim inary count upon a l l  the s l id e s  

obtained  from th e  therm al p r e c ip ita to r  survey c a rr ie d  out w h ile  th e  

c o lle c t o r  i s  in  o p era tio n . Th is t e s t  i s  consequ en tly  tim e consuming and 

may req u ire  about 20 man-hours fo r  the average sam ple.

(b) F r e e -S i l ic a  C ontent. T h is may be determ ined e ith e r  by th e  x--ray 

d i f f r a c t io n  techn ique developed by Nagelschm idt ( 24) o r  by th e  in fr a -r e d  

sp ectroscop ic  method d escrib ed  in  th e  t e x t  o f  t h i s  t h e s i s  a f te r  th e  

n ecessary  confirm ation  and, p o s s ib ly  development o f  th e  method has been  

c a rr ied  o u t. I f  th e  sp ectroscop ic  method i s  employed about O.5  S* o f  

dust and four man-hours w i l l  be req u ired  fo r  th e  d u p lica te  determ ination*

(c )  T o t a l- S i l ic a  C ontent. T h is may be determ ined by th e  molybdenum 

b lu e  co lo r im e tr ic  method d escrib ed  in  the t e x t .  I f  t h i s  method i s  

employed approx im ately 0 .0 2  g .  o f  dust and four man-hours w i l l  be 

req u ired  for  th e  d u p lica te  d eterm in a tion .

Thus, i f  two workers were a l lo c a te d  to  t e s t  (a ) and one worker was 

a llo c a te d  to  t e s t s  (b) and ( c ) ,  t h i s  means th at a group o f  th ree  w orkers, 

in  a su ita b le  lab ora tory  operating  a 35 hour week, cou ld  com plete 

approx im ately 15 samples per month or 180 samples per annum. T h is  

annual t o t a l  r ep re sen ts  about th e  minimum number o f  sam ples from which
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a s t a t i s t i c a l  survey could be made and in  such a survey parameters 

der ived  from the r e s u l t s  o f  the th r ee  t e s t s  above to  rep resen t th e  

s i l i c o s i s  hazard o f  th e  du sts c o l le c te d  cou ld  be compared w ith in c id en ce  

f ig u r e s  der ived  from the a v a i la b le  c e r t i f i c a t io n  records o f  th e  p i t s  

from which th e  samples were ob ta in ed .

Approxim ately 0 .7 5  g# o f  airborne c o l l i e r y  dust would be requ ired  

to  carry out t e s t s  (b ) and (c )  and an average c o lle c t io n  p er iod  o f  

approxim ately fo r ty  hours would probably be req u ired  underground t© 

c o l le c t  t h i s  q u an tity  o f  d u s t . Thus four sam plers would be req u ired  

to  devote th e ir  tim e com p letely  to  th e  ta sk s  o f  c o l le c t in g  th e  dust 

samples underground and carry ing  out a com plete therm al p r e c ip ita to r  

survey on th e  a irborne dust clouds from which th e  samples were c o lle c te d .

I t  i s  th e re fo re  apparent th a t a con sid erab le  expend iture o f  labour 
w i l l  be requ ired  both  in  the lab ora tory  and underground b efo re  a 

s t a t i s t i c a l  c o r r e la t io n  o f  th e  s i l i c o s i s  hazard o f  a irborne c o l l ie r y  

d u sts  and th e  in c id en ce  o f  c o a l miners* pneum oconiosis may be attem pted . 

T h is i s  th e  case  even when lab ou r-sav in g  methods o f  a n a ly s is  u s in g  sm all 

q u a n tit ie s  o f  dust are employed.

In th e  writer* s op in ion  some work should a lso  be done in  attem pting  

to  c o r r e la te  th e  proportions o f  th e  var iou s c o a l m acérais present in  th e  

a irborne c o l l ie r y  dust w ith th e  in c id en ce  o f  pulmonary d is e a se , perhaps 

along th e  l in e s  suggested  by Evans (3 )*  S in ce  c o a l forms th e  major 

part o f  a l l  c o l l ie r y  d u sts  i t  seems l o g ic a l  th a t a t te n t io n  should be 

d ir e c te d  towards t h i s  c o n s t itu e n t . Such an in v e s t ig a t io n  would req u ire  

th e  c o l le c t io n  o f  la r g e  q u a n t it ie s  o f  a irborne d u st, a t  le a s t  in  th e  

i n i t i a l  s ta g e s  u n t i l  methods o f  a n a ly s is  had been developed , b u t, a t  

l e a s t  in  th e  prelim inary s ta g e s , i t  i s  probable th a t such fa c to r s  as  

p a r t ic le  s iz e  d is tr ib u t io n  could be s a f e ly  n e g le c te d .
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APPENDIX A

The E stim ation o f  Free S i l i c a  in  A irborne Dusts 

The Shaw-Skinner Semi-Micro Method (27)

Reagents

Q ydrochlor ic â c id  d i lu te  

H ydrochloric a c id , d ilu te  

Sulphur ic a c id , d ilu te  

Sulphur ic a c id , d i lu te  

Lunge S o lu tion

^ d r e f lu o r io  ac id

Method

2*55^by volume* 2*5 ml* o f  con c. 
a c id  are d i lu te d  to  100 ml* w ith  
d i s t i l l e d  water

by volume* 5 ml* o f  conc* ac id  
are d i lu te d  to  100 m l, w ith d i s t i l l e d  
water

2^% by  volume 25 ml* o f  conc* acid  
are d i lu te d  to  100 m l. w ith d i s t i l l e d  
w ater.

10^ by volum e. 10m l. o f c en c . ac id  
are d i lu te d  t o  100m l, w ith d i s t i l l e d  
water

37 g* o f  anhydrous sodium carbonate 
and 10 g* o f  c a u s t ic  soda are d is so lv e d  
in  d i s t i l l e d  water and d i lu te d  to  a 
volume o f  1 ,000 m l, and sto red  in  
a waxed g la s s  or p r e fe ra b ly , p la s t i c  
b o t t l e ,

l\.Ofo a c id

.©0*15 g . o f  the sample, a f t e r  dry ing a t 105 C, fo r  a t le a s t  1 hour, 

i s  heated to  b o i l in g  w ith 9 ml* o f  2*5^ h yd roch lor ic  a c id  in  a 50 ml* 

platinum  b a s in , covered w ith a watch g la s s ,  p re fera b ly  o f  r e s is ta n c e  

g la s s  ( l ^ e x  or H y sil)  • A. 3 in*  (7*5 cm*) p o r c e la in  d ish  may b e  used  

prov ided th e  g laze  i s  in  good c o n d it io n . T h is treatm ent i s  t o  remove 

any carbonates* A fter  a llow in g  th e d ish  to  c o o l ,  th e l iq u id  was decanted  

down a g la ss  rod in to  a 15 m l. c en tr ifu g e  tube which i s  cen tr ifu g ed  fo r  

15 m inutes a t 3>000 r.p.m * The c le a r  supernatant l iq u id  i s  drawn o f f  

through a tube whihh has been drawn out to  a c a p i l la r y , the end be ing
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turned up to  avo id  d istu rb in g  th e  sediment in  th e  tu b e . (W ith care , 

th e  l iq u id  may be decanted o f f  down a rod , s in ce  th e  sédim ent i s  t i g h t ly  

packed). The s o l id  m atter i s  then washed back in t o  th e  d ish  w ith  th e  

minimum amount o f  w ater, and th e  d ish  i s  p laced  on th e  b o i l in g  water 

bath and th e  con ten ts evaporated to  d ryn ess . A fte r  c o o lin g , 6 m l. o f  

25^  su lphur ic  a c id  are added and th e  uncovered d ish  i s  heated  u n t i l  

fumes are ju s t  v i s i b l e .  Th is operation  should tak e  about 45 m inutes 

and th e  tem perature o f  the con ten ts o f  th e d ish  should  not exceed  

200°C at any tim e* There are se v er a l ways o f  doing t h i s ,  e .g .  a sand  

b a th , th e  temperature o f  which has been c a r e fu l ly  ad ju sted  in  a p a r a l le l  

experim ent beforehand, o r , a method which has been in  u se  fo r  some tim e  

i s  t o  support th e d ish  on a p erfora ted  p la te  and then  blow  a ir  a t a 

tem perature o f  180 -  200^0 upwards through th e  p la t e .

A fter  treatm ent w ith  su lphur ic  a c id , th e  d ish  i s  a llow ed  to  coo l 

and then 30 m is . o f  water are added, th e  l iq u id  s t ir r e d  and cen tr ifu ged  

as above, th e  tubes w i l l  have to  be f i l l e d  two or th r e e  t im e s .  The 

r e s id u e  i s  then washed back in to  the d is h , th e  l iq u id  evaporated to  

dryness, and th e su lphur ic  a c id  treatm ent i s  rep ea ted . 1ïhen a l l  th e  

l iq u id  has been tra n sferred  to  th e  c e n tr ifu g e  tub e th e  d ish  and i t s  

con ten ts are washed w ith 5 m l. o f  w ater, which i s  then  c e n tr ifu g e d .

The purpose o f  t h i s  wash i s  to  reaove a s  much as p o s s ib le  o f  th e  

su lph ur ic  a c id  and thus reduce th e  amount o f  Lunge s o lu t io n  needed in  

th e n ext stag e  o f  the work. A fter  th e  wash l iq u id  h as been  cen tr ifu g ed  

and d iscarded  th e  r e s id u e  i s  returned to  th e  d ish  and th e  l iq u id  

evaporated t o  dryness. To th e  dry resid u e  i s  then  added 1 drop o f  

m ethyl red  in d ic a to r , fo llo w ed  by Lunge so lu t io n  drop by  drop u n t i l  

th e  in d ic a to r  changes c o lo u r . The d ish  should  be covered  during t h i s  

operation  s in ce  lo s s  can occur due t o  e ffe r v e sc e n c e . A fte r  

n e u tr a l is a t io n , 9 ml* o f  Lunge s o lu tio n  are added d» e x c e s s  and th e  

covered d ish  i s  heated u n t i l  th e  l iq u id  b o i l s .  A fte r  c o o lin g , th e  

supernatant l iq u id  i s  cen tr ifu g ed , th e  c le a r  l iq u id  d isca rd ed , and th e  

res id u e  i s  washed back in t o  th e  d ish  and evaporated t o  dryness*
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15 ml# o f  conc. hyd rochlor ic  acid, are then  added t o  th e  covered  d ish ,  

and th e  d ish  i s  heated u n t i l  i t s  con ten ts have b o i le d  fo r  5 m inu tes, and 

a fte r  c o o lin g , th e  con ten ts o f  th e  d ish  are d i lu te d  w ith  15 m l. o f  

w ater, which can w ith advantage be used  fo r  wash ing th e  cover  g la s s .

The l iq u id  i s  then decanted, c e n tr ifu g e d , th e  r e s id u e  retu rn ed  to  

th e  d ish , and a f te r  evaporation to  dryness, th e  r e s id u e  i s  aga in  

n e u tr a l ise d  w ith lunge s o lu t io n . When n e u tr a l, 4*5 m l. o f  Lunge 

so lu tio n  are added and th e  co n ten ts  o f  th e  d ish  are h eated  t o  b o i l in g  

and a fte r  c o o lin g , th e  l iq u id  i s  decanted, c e n tr ifu g e d , and th e  

resid u e  washed back in to  th e  d is h . A fter  evaporation  t o  dryness th e  

resid u e  i s  tr e a te d  w ith 6 m l. o f  conc. h yd roch lor ic  a c id  and b o ile d  

fo r  5 m inutes. When c o ld , 6 m l. o f  water i s  added and th e  l iq u id  

f i l t e r e d  through a sm all (7  cm .) No. 540 Whatman paper. The re s id u e  

in  the d ish  i s  washed tw ice  w ith  5% h yd roch lor ic  a c id  th é  wash ings 

be ing  added to  th e  paper then th e  s o l id  m atter in  th e  d ish  i s  

com p letely  tra n sferred  to  the paper w ith th e  a id  o f  a  j e t  o f  w ater, 
th e  d ish  b e ing  cleaned f i n a l ly  e ith e r  w ith  a sm all rubber "policeman", 

or b e tte r  w ith a sm all p iece  o f  cotton -w ool tw is te d  round th e  end o f  

a g la s s  rod . The oo tton -^ oo l can b e  detached e a s i ly  from  th e  rod  

and added to  th e  paper. On ig n it io n  i t  le a v e s  no w e ighable r e s id u e .

The paper i s  washed four tim es w ith  water and a llow ed  to  d ra in . I t  

i s  then tra n sferred  to  a weighed platinum  c r u c ib le , which i s  covered  

w ith  i t s  l i d  and heated in  an oven a t  105^0 . u n t i l  th e  paper i s  dry.

The covered cru c ib le  i s  then p laced  in  th e  fr o n t  o f  a m u ffle  furnace  

which i s  heated to  800^0. a t  i t s  cen tre  fo r  10 m inutes when ± t  i s  

moved t o  th e  cen tre  o f  th e  furnace and ig n ite d  t o  con stan t weight 

(Residue A ). The ig n ite d  re s id u e  i s  f i n a l ly  tr e a te d  w ith 6 drbps 

o f  1 QF/o su lphur ic  a c id  and 5 m l. o f  4P fJhydrofluor ic  a c id  and tr e a te d  

on a b o i l in g  water bath  u n t i l  a l l  th e  v o l a t i l e  m atter has gone. The 

c ru c ib le  i s  then heated on a hot p la te  u n t i l  a l l  th e  r e d is u a l  
su lphur ic  ac id  has fumed o f f ,  when th e  c r u c ib le  i s  again  ig n ite d  at  

800°G. to  constant w e igh t.
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C a lcu la tio n

The re s id u e  (A) rem aining a f te r  the ig n it io n  fo llo v /in g  the la s t  

hydroohlor io  a c id  treatm ent c o n s is t s  o f  th e  f r e e  s i l i c a  and some 

undecomposed s i l i c a t e s ,  which are assumed to  he potash fe lsp a r #

The lo s s  in  w e ight caused hy th e  h yd roflu or ic  a c id  treatm ent i s  due 

to  th e  v o la t i l i s a t io n  o f  th e  fr e e  s i l i c a  end th e  s i l i c a  combined in  

th e se  s i l i c a t e s .  The f i n a l  resid u e  th e re fo re  c o n s is t s  o f  th e  non- 

s i l ic e o u s  p o rtio n  and a f te r  ig n it io n  i s  in  the form o f  alum ina. On 

th e macro s c a le  i t  would b e  p o s s ib le  to  estim ate  t h i s  and ob ta in  a 

f ig u r e  fo r  th e  amount o f  f e ls p a r  a c tu a lly  p r e se n t . On th e  sem i-mi»ro 

s c a le  however t h i s  i s  not p o s s ib le , but th e  amount o f  alum ina m u ltip lied  

by 2*01 g iv e s  a very  c lo s e  estim ate  o f  th e  amount o f  fe lsp a r*

The c a lc u la t io n  th ere fo re  i s  as fo llo w s ; -

I f  A i s  th e  w eight o f  t o t a l  resid u e  and B i s  the weight o f  resid u e  

rem aining a f te r  th e  h yd ro flu or ic  a c id  treatm ent, then  th e  percentage  

o f  fr e e  s i l i c a  p resen t in  the m a ter ia l i s  equal to  (A — 2.01 b )  100 /w t. 

o f  m ater ia l taken* To co rrec t fo r  lo s s  o f  quartz by so lu tio n  in  

a lk a l i  th e f in a l  f ig u r e  i s  m u lt ip lie d  by 1 0 0 /9 2 .

i . e .  (A #  2,01 b ) % 108.6
Wt. o f  mat • taken

N otes

I t  must be borne in  mind th a t t h i s  method, a s do a l l  the chem ical 

methods fo r  th e  determ ination  o f  f r e e  s i l i c a ,  c o n s is t s  o f  a s e r ie s  o f  

op era tion s designed to  remove from th e  m ater ia l under exam ination a l l  

m ite r a is  excep t th e  quartz, and, as a lread y  s ta te d  th e  a ttack  o f  th e  

reagen ts on th e quartz i s  co rrec ted  for#  T herefore to  ob ta in  r e l ia b le  

r e s u l t s  th e  co n d itio n s  must b e  rep rod ucib le and t h i s  can o n ly  be  done 

i f  stren g th s o f  rea g en ts , q u a n t it ie s ,  tim es o f  h ea t in g  e t c .  are a l l  

s t r i c t l y  c o n tr o lle d .
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B o i lin g

The l iq u id  in  the d ish e s  was considered  to  be b o i l in g  when drops 

began to  condense on, and f a l l  from th e  watch g la s s .  T h is  i s  e s p e c ia l ly

important in  th e  conc. h yd roch lor ic  a c id  treatm ents* C onsiderab le

bubbling , due to  l ib e r a t io n  o f  carbon d iox id e  occurred on im m ed iate 

h e a t in g , but a f te r  about 1 m inute th e  l iq u id  became s t i l l  and proper 

b o i l in g  began a f te r  about another m inute. Brolonged b o i l in g  was always 

avoided .

In t erruption

The id iole c y c le  o f  operation s cannot be f in is h e d  in  one day, so 
th a t when work had to  be  stopped, ca re  was talcen that th e  r e s id u e s  in  

th e  d ish e s  were l e f t  in  th e  dry s t a t e .

M echanical L osses

In such a lon g  s e r ie s  o f  op eration s as th o se  d e sc r ib ed , m echan ical 

lo s s e s  can be very  h igh* D ish es were kept covered as much as p o s s ib le  

and great care  was taken to  see  th a t décan tation s were done c le a n ly . /  

Washing th e r e s id u e s  back in to  th e  d ish e s  from th e  c e n tr ifu g e  tu b es  

a lso  req u ired  c a r e .

Reagents

Volumes were measured c a r e fu l ly  w ith a graduated p ip e t te  fo r  th o se  

l e s s  than 10 m l. and a narrow d iam eter measuring c y lin d e r  fo r  th e  o th e r s .  

The 4P^ h yd roflu or ic  a c id  was measured in  a p la s t i c  c y l in d e r .

The b a s in s  were h ea ted  fo r  the b o i l in g  operations on a sand bathy  

blit fo r  evaporation a b o i l in g  water bath was u sed .
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The E stim ation  o f  T o ta l S i l i c a  in  A irborne Dusts 

The R ing Sem i-^Iicro Method (45)

Method

An amount o f  dry a irborne dust i s  taken vÆiioh may be expected  t o  

y ie ld  5 •* 50 nig. s i l i c a  and c a r e fu l ly  weighed in  a platinum c r u c ib le  

o f  10 20 m l. c a p a c ity . The dust i s  then ashed a t 750°G fo r  one hour

in  a m uffle furance and th e  a sh , a f t e r  coo lin g  i s  in t im a te ly  m ixed w ith  

'fo u r 't im e s  i t s  w eight o f  sodium carb onate. The m ixture i s  c a r e fu l ly  

"smoked o ff"  and h ea t in g  continued u n t i l  a c lea r  l iq u id  melt i s  o b ta in ed . 

The coo led  con ten ts o f  th e c r u c ib le  are d is so lv e d  in  water on th e  steam  

bath# Conc. hyd roch lor ic  a c id  i s  c a r e fu lly  added u n t i l  th e  m ixture i s  

a c id  to  methyl orange, and 3 ©r 4  m l. ex tra  added. The m ixture i s

evaporated to  dryness on th e  steam b ath , and heated  fo r  one hour at
o '■105 C in  th e  oven to  dehydrate th e  s i l i c a .  The r e s id u e  i s  m oistened

w ith a few drops o f  water and hyd rochlor ic  a c id , and again heated  fo r  
oone hour a t IO5 C.

The dehydrated s i l i c a  i s  separated from th e  other c o n s titu e n ts  o f  

th e r e s id u e  by br in g in g  th e  la t t e r  in to  so lu tio n  w ith  d i lu te  hyd rochlor ic  

a c id . The resid u e  i s  m oistened w ith con c . hyd roch lor ic  a c id  and th e  

c r u c ib le  th ree-q u a rters  f i l l e d  w ith w ater . The m ixture i s  warmed on th e  

steam bath and s t ir r e d  w ith  a g la ss  rod# When so lu tio n  appears to  be  

com plete, th e  cru c ib le  i s  removed from th e  bath  and allow ed to  stand  

fo r  a few m inutes fo r  th e  s i l i c a  p r e c ip ita te  t o  s e t t l e .

F i l t r a t io n  o f  th e  s i l i c a  i s  accom plished w ithout removing i t  from 

the c r u c ib le  by means o f  a f i l t e r  s t i c k .  In  t h i s  way i t  i s  p o s s ib le  

to  com plete a l l  th e  op eration s in v o lv ed  in  th e  a n a ly s is  in  th e  o r ig in a l  

v e s s e l  w ithout tr a n s fe r r in g  th e  p r e c ip it a t e .  Th is makes fo r  grea ter  

accuracy in  th e method by avo id ing th e  p o s s i b i l i t i e s  o f  error in vo lv ed  

in  tr a n sfe r e n c e . F i l t r a t io n  by sucking o f f  th e  f i l t r a t e  and washing i s ,  

moreover, fa s te r  than f i l t r a t i o n  by g r a v ity . As a f i l t e r i n g  medium.
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f i l t e r  paper pulp shaken up w ith  w ater, or powdered anthracene i s  s u i ta b le .  

The la t t e r  i s  e a s i ly  e lim in ated  by m ild  h e a t in g , whereas paper must be  

destroyed  by ig n i t io n .  The f i l t e r i n g  medium i s  packed t ig h t ly  in to  th e  

c a v ity  formed a t th e  f la r e d  end o f  th e  f i l t e r i n g  apparatus. A p ie c e  o f  

f i n e  rubber su ctio n  tubing connects the f i l t e r  s t i c k  to  a sm all su ction  

f la s k .  Su ction  i s  ap p lied  by mouth t o  a p ie ce  o f  rubber tub ing  

carry in g  a pinchcock a ttach ed  to  the s id e  arm o f  th e  f la s k .

The f i l t e r  s t ic k  i s  h eld  so th a t i t s  f i l t e r i n g  su rface i s  ju s t  below  

th e  l e v e l  o f  th e  l iq u id  in  th e  c r u c ib le , end th e  f i l t r a t e  sucked o f f  under 

m ild  su c t io n . The cru c ib le  i s  f i l l e d  again w ith warm d i l .  HCl and th e  

p r e c ip ita te  s t ir r e d , allow ed t o  s e t t l e ,  end the supernatant aga in sucked  

o f f .  Washing i s  repeated  once w ith d i l .  HC1 and tw ice  w ith w a ter . The 

p r e c ip ita te  i s  f in a l ly  sucked dry in  th e  bottcm o f  th e  c r u c ib le .

The plug o f  f i l t e r i n g  medium i s  dropped out o f  the f i l t e r i n g  apparatus 

in to  th e  c ru c ib le  by push ing th e  inn er tube o f  th e  apparatus (th e  f i l t e r  

s t ic k )  a  few mm. through th e  rubber c o l la r  which a tta ch es  i t  to  th e  ou ter  

tube or ja c k e t . P a r t ic le s  o f  s i l i c a  adhering to  th e g la s s  are washed 

in to  th e  cru c ib le  and any l iq u id  in  th e  c r u c ib le  i s  now evaporated on th e  

water b a th . The c ru c ib le  i s  d ried  in  an oven, ig n ite d  at 750*C fo r  one 

hour in  a m uffle furnace, cooled  in  a d is ic c a to r  and w e i r e d .  EF(5 m l.)  

i s  added and a few drops o f  H^SO^. I t  i s  then ig n it e d , coo led  and 

w e ighed. The lo s s  in  w e ight on treatm ent w ith HP i s  taken as th e  

w e ight o f  s i l i c a .
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appendix b

NOTES ON THE PATHOG-ENSIS OF PNEUMOCONIOSIS

E ffe c t  o f  Dust on th e  Human R esp ira tory  Tract

To understand th e pathogenesis o f  s i l i c o s i s  i t  i s  necessary  f i r s t  

to  app reciate th e  e f f e c t  upon the human r e sp ir a to r y  t r a c t  o f  in h a led  

dust laden a i r .  The a ir  breathed by man tr a v e ls  ev en tu a lly  to  th e  

lun gs which are non-sym m etrical organs, encased in  th e  c h e s t , p erm ittin g  

in terchan ge o f  gas between th e  b lood and th e  e x te rn a l a i r .  They 

communicate w ith th e  nose and mouth through the tra ch ea , or w indpipe, 

and are more or l e s s  exposed to  the a c tio n  o f  atm ospheric im p u r it ie s , 

both p a r t ic u la te  and gaseou s.

C erta in  mechanisms do however e x i s t  to  p ro tec t th e  lungs from 

accum ulation o f  such fo re ig n  m atter . The nose i s  guarded by a coarse  

f i l t e r  o f  h a ir  through which in sp ire d  a ir  i s  drawn in to  the trach ea  and 

p a r t ic le s  o f  15 to  2^Jti are l ik e ly  to  be reta in ed  h e r e . Behind t h i s  i s  

a s e r ie s  o f  tortuous passages w ith m o ist w a lls  Tdiich trap  many sm aller  

p a r t i c le s .  Thus many p a r t ic le s  g rea ter  than 5-^  in  s iz e  tr a v e l  no 

fu r th er  than the n a sa l passages or th e  back o f  th e  th r o a t . In sp ired  a ir  

from th e  nose and mouth tr a v e ls  through th e  pharynx and trach ea , th e  

l a t t e r  b e in g  about 1 to  2 cm. in  diam eter and 10 cm. lo n g . The trach ea  

branches in to  bronch i, which in  turn branch in to  narrower b ron ch io les  

lead in g  f i n a l ly  to  th e  term inal a lv e o l i ,  or  a ir  sa c s , which compose th e  

lu n g . A ir i s  drawn in to  and expressed from the lung p a r t ly  by th e  

movement b f th e  diaphragm and p a r tly  by movement o f  th e  r ib -c a g e  or 

th orax .

P a r t ic le s  which pass in to  th e upper r e sp ir a to r y  tr a c t  may be  

a r re sted  in  a v isc o u s  mucous la y er  which covers th e  su rfa ce  o f  th e  

pharynx, trachea and bron ch i. T h is v isco u s la y e r  i s  in  fg-ot a f ilm  

o f  mucus cover ing a lower non -v iscou s serous la y e r  in  which b ea t m inute 

v ib r a to ry  h a irs  er t i l i a ,  causing th e  upper la y er  to  move s lo w ly  toward 

th e  mouth, from which th e  fo re ig n  matter may b e  e ith e r  exp ectorated  or
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sw allow ed. - Th is mechanism i s  adequately d escrib ed  in  a paper by  

P o l i card ( 50) .

P a r t ic le s  th a t succeed in  p assin g  th e se  b a r r ie r s  and p en etra te  to  

th e  term in a l a ir  sp aces o f  th e  lung may adhere t o  th e  a lv e o la r  w alls*

The presence o f  the p a r t ic le  in  t h i s  environment g en era lly  cau ses  

s u f f ic ie n t  i r r i t a t io n  (5I ) to  le a d  to  hypertrophy and h y p erp la s ia  # f  

th e  c e l l s  o f  th e  a lv eo la r  t i s s u e .  Th is lead s to  th e  production o f  a 

d if fe r e n t  type o f  c e l l ,  known a s a phagocyte, which may in g e s t  th e  

m ineral p a r t ic le .  Th is c e l l  i s  capable o f  amoeboid m otion, owing t o  

flo w in g  o f  i t s  own cytoplasm , and i t  may th ere fo re  move slow ly  through  

th e  a lv e o la r  ducts and b ro n ch io les  t o  th e  bronch i and hence as b e fo r e .  

Another ro u te  i s ,  however, open to  such " d u s t-c e lls" , as phagocytes 

co n ta in in g  dust p a r t ic le s  are known; they  may t r a v e l  in to  th e  

con n ectiv e  t i s s u e  sp aces o f  th e  bronoh io lar sheath  to  a s p e c ia l  drainage  

system  known as th e  lym phatics* Lymphatic sp aces and v e s s e ls  are very  

numerous in  the lun g, e s p e c ia l ly  in  th e  con n ective  t i s s u e  sheath s o f  th e  

bronch i and a r te r ie s ,  in  th e  in te r lo b u la r  w a lls , and under th e  p leu ra .

In th e  normal lung th e  d u s t -o e l ls  are swept away in  th e  lym phatic  

v e s s e ls  by th e  flow  o f  th e  lymph and f i n a l ly  come to  r e s t  in  a number e f  

sed im enting b asin s known as th é  lymph nodes.

One fa c to r , however, has not been considered  in  th e  forego in g  

summary o f  th e  defences o f  th e  r e sp ir a to r y  tr a c t  a g a in st d u st, and th a t  

i s  th e  percentage o f  dust which i s  exh aled . I t  i s  p o s s ib le  th a t th e  

theory  o f  p ro b a b ility  cou ld  be ap p lied  t #  detécnuine th e  qu an tity  o f  du st  

which escap es contact w ith  th e  b ro n ch ia l t r e e ,  but a t p resen t th ere  i s  

n# in form ation  on t h i s . However, i t  i s  obvious th a t sm all p a r t ic le s  o f  

c o l lo id  dim ensions w i l l  e a s i ly  escape in  th e exhaled  a i r .

I t  w i l l  be seen th a t under normal co n d itio n s  th e  human lung  

p o s se sse s  a very  e f f i c ie n t  mechanism fo r  r id d in g  i t s e l f  o f  in h a led  d u st, 

and dust i s  e x p e lled  from th e  h ea lth y  lung e ith e r  by th e  r e sp ir a to r y  

t r a c t  or th e  lym phatics. Th is mechanism, however, i s  o a s i jy  u p se t, and 
s l ig h t  a lte r a t io n s  in  th e  c o n d it itn  # f  th e  c i l i a t e d  ep ithelium . #r th e
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c ir c u lâ t io a  o f  lymph are s u f f ic ie n t  to  in t e r f e r e  w ith  i t ,  fo r  example 

ir r i t a t io n  o f  th e  gob let c e l l s  o f  th e  b ro o h ia l ep ith eliu m  can le a d  t #  

an undue production o f  mucus which then en velop es th e  c i l i a  and p reven ts  

th e ir  b ea t in g , or m echan ical damage to  th e  lymph chann els, or in fe c t io n  

may produce s t a s i s  o f  th e lymph. In t h i s  c o n d it io n  a  second mechanism 

comes in to  p lay and th e  dust en ter in g  th e  lun g  i s  f ix e d , agglom erated, 

and rendered harm less by th e  p ro te in  resid u e  rem aining a f t e r  a u to ly s is  

o f  th e dust c e l l .  T h is , however, i s  n ot a r e a l  c le a n s in g  p ro cess  and 

the presence o f  th e  dust m echan ica lly Im pairs th e  fu n c tia n  o f  th e  a r t e r ia i  

sheath s by o b stru ctin g  th e flow  o f  lymph and producing s t a s i s .  Thus t h i s  

mechanism i s  p r o te c t iv e  a t f i r s t ,  but la t e r ,  when th e re  i s  a con sid erab le  

accumulation o f  du st, pneum oconiosis b e g in s , which i s  e s s e n t ia l ly  a  

d ise a se  due to  th e  m echan iaal presence e f  la r g e  amounts o f  fo re ig n  m a ter ia l  
in  the lun g.

Any dust p a r t ic le s  which penetrate  t o  th e  f i n a l  a ir - s a c s ,  or a lv e o l i ,  

o f  th e  lung, and are r e ta in e d  th e re , th u s o b v io u sly  c o n s t i tu te  a danger. 

F ig . 14 shew ing th e  a lv eo la r  r e te n t io n  curve fo r  an average human lu n g  i s  

taken from a rev iew paper by Davies (5 2 ) , who p o in ts  to  th e  su b s ta n t ia l  

agreement between a number o f  in v e s t ig a to r s  u sin g  d if fe r e n t  exper im ental 

metheds. I t  w i l l  be  seen th a t  p a r t ic le s  in  th e  s iz e  range 0*5 to  5 ^  are  
mainly reta in ed  in  th e lun g and i t  i s  c h ie f ly  t h i s  s i z e  range towards 

which a tten t io n  must th e re fo re  be turned when ev a lu a t in g  th e  h ea lth  hazard  

due to  any dust cloud encountered in  p r a c t ic e . W hile p a r t ic le s  o f  l e s s  

than 0 . 2 .1* are a lso  la r g e ly  re ta in ed  in  th e  lu n g , th ere  i s  con sid erab le  

doubt as to  t h e ir  pathogen ic e f f e c t ,  the low er l im it  o f  dust s i z e  a t which 

f ib r o t i#  e f f e c t  cea se s  b e in g , in  f a c t ,  o n ly  very  roughly e s ta b lish e d .

Theor ies on S i l i c o s i s  Development

E arly workers th o u ^ t  th a t dust was harmful c h ie f ly  because o f  i t s  

p h y sica l presence in  th e  lu n g s , and th a t th e  p a r t i c le s ,  on account o f  

th e ir  hardness and sharpness, produced a m icroscop ic wounding, or trauma,

# f  the d e l ic a te  t i s s u e s .  Q uite apart from th e  fa c t  th a t i t  i s  d i f f i c u l t
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to  conce ive o f  m eshan ical trauma due to  p a r t ic le s  o f  le s s  than  

i t  a lso  became obv ious th a t t h i s  theory  cou ld  not e n t ir e ly  exp la in  th e  

p a th o lo g ic a l e f f e c t s  o f  d u st. F in e ly  d iv id ed  s i l i c a  dust ra p id ly  

produces ex ten s iv e  lung d is e a s e , w h ile  carborundum d u st, which has 

extrem ely sharp edges, does not produce th e  ty p ic a l  s i l i c o t i c  nodule (53)#  

The p r a c tic e  o f  stone d u stin g  in  mines to  prevent ex p lo s io n s was a lso  

found to  decrease rath er  than in c re a se  th e  in c id en ce  o f  lung d is e a se .  

Thede f a c t s  le d  to  some doubt as to  whether th e  p h y s ic a l presence o f  th e  

dust i t s e l f  could a lone produce th e  p a th o lo g ic a l e f f e c t  observed . 

A tten tion  was th ere fo re  turned to  th e  p o s s ib le  e x is te n c e  o f  to x ic  

substances in  the dust which were r e le a s e d  in to  th e  lung f lu id s .

Th is reason ing le d  Gye and K e tt le  (54 ) to  propose th e ir  well-known  

s o lu b i l i t y  theory  o f  s i l i c o s i s  which h e ld  th a t s i l i c a  dust was harmful 

in  th e  lungs not on ly  because o f  i t s  m echan ical presence but a lso  because  

th e  p a r t ic le s  r e lea sed  a c e r ta in  amount o f  s i l i c i c  a c id  which d is so lv e d  

in  th e  surrounding f lu id  w ith i r r i t a t in g  e f f e c t  upon th e  en gu lfin g  lung  

c e l l s .  P olicard  la t e r  eonfirm ed t h i s  i r r i t a t in g  e f f e c t  o f  d is so lv e d  

s i l i c a  ( 55) and showed th a t c e l l s  poisoned by t h i s  substance became 

"mummified" and preserved from th e  normal p ro ce sse s  o f  p ro te in  

degeneration . K e tt le  a lso  showed in  h i s  l a t e r  experim ents th a t  quartz  

dust covered w ith a th in  la y e r  o f  iro n  oxide (56) has much l e s s  e f f e c t  

than th e  uncoated dust in  producing s i l i c o t i c  nodules in  an im als. In 

t e s t s  o f  t h i s  sor t th e  dust i s  norm ally in trodu ced  to  th e  animal * s lung  

by in tr a -tr a o h e a l in je c t io n  (57 ) or , b e t te r , by su b jectin g  th e  anim als 

to  an a r t i f i c i a l l y  created  du sty atmosphere (58).

The s o lu b i l i t y  th eory  i s  by no means th e  on ly  th eory  which has been  

advanced to  ex p la in  th e  pathogenesis o f  s i l i c o s i s .  Zrenner in  a rev iew  

a r t i c le  (5 9 ) , su gg ests  th a t th e  i r r e v e r s ib le  a c tio n  ta k in g  p lace in  th e  

s i l i c o t i c  lung i s  caused by a com bination o f  m echan ical trauma and 

chem ical a c tio n . Some e f f e c t  i s  a lso  thought to  be caused by exchange 

o f  b a ses between th e  m ineral p a r t ic le  and th e  surrounding t i s s u e ,  b a s ic
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io n s  such as calcium , sodium and potassium  going in to  th e  environment 

from th e  spaces in  th e  m ineral l a t t i c e ,  and b e in g  rep laced  by w ater  

m olecules or hydroxyl io n s . Two consequences r e s u l t ,  a lk a l in is a t io n  

o f  th e medium and hydration  o f  th e  m ineral p a r t i c le .  A lk a l in is a t io n  

o f  th e  lung f lu id s  v/ould in crea se  th e  s o lu b i l i t y  o f  any quartz p resen t  

and th e re fo re , presumably, i t s  d egen era t ive  e f f e c t .  The a c tu a l  

process o f  base exchange i s  a lso  thought t o  r e s u lt  in  hypertrophy o f  

t i s s u e .  The second consequence o f  exchange o f  b a s e s , namely hydration  

o f  the p a r t ic le s ,  i s  a lso  in te r e s t in g  in  i t s  e f f e c t s .  Th is h yd ration  

process has a lso  been confirmed by pétrograph ie exam ination o f  p a r t ic le s  

extracted  from th e  lung, when i t  has been found th a t  th e  s u p e r f i c ia l  

l a t t i c e  o f  th e  p a r t ic le  may have been a lte r e d  to  a depth o f  0 . 2 ^ ,  and 

thus a p a r t ic le  o f  0.A-4Â in  s iz e  may have been com p lete ly  changed.

Th is m olecular a lte r a t io n  o f  th e  p a r t i c le  i s  thought by some 

in v e s t ig a to r s  to  render th e  p a r t i c le  harm less and, s in c e  th e  same 

"weathering" p rocess occurs on exposure to  r a in ,  m oist a ir  e t c . ,  t h i s  

exp la in s th e  accepted  innocuousness, from a s i l i c o t i c  p o in t o f  v iew , o f  

n atu ral du sts such as r iv e r  sand and d e sert sand.

However, although th e  th e o r ie s  o u t lin e d  above aannot be d isaou n ted , 

by far  th e  g r ea te s t  w e ight o f  exper im ental ev id en ce supports th e  

s o lu b i l i t y  theory; and t h i s  w i l l  th e r e fo r e  be s e le c t e d  fo r  fu r th er  

expansion.

The S o lu b i l i ty  Theory

I t  i s  perhaps su rp r is in g  th a t quartz should b e  harmful to  th e  lu n g . 

I t s  chem ical in e r tn e ss  i s  a m atter o f  common knowledge and i t  i s  

freq u en tly  thought o f  as b e in g  one o f  th e  most iodolilib le o f  su b sta n ces .

I t  i s  tru e  th a t a la r g e  c r y s ta l  o f  quartz l e f t  fo r  a lo n g  p er iod  in  a

v e s s e l  conta in ing  water w i l l  sc a r c e ly  d i s s o lv e  a t a l l ,  but i f  th e  la r g e

quartz c r y s ta l  i s  f i r s t  reduced to  a  f in e  powder and then in trodu ced  to

the water s ig n if ic a n t  amounts o f  s i l i c a  may be shown to  be p fe se n t  in  

so lu tio n .
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The amount o f  s i l i c a  in  s o lu tio n  may a t th e  presen t tim e be  

estim ated  a ccu ra te ly  by th e  s ilic o -m o ly b d ic  a c id  techn ique (60)  

although even t h i s  method i s  l i a b l e  to  in c lu d e  in  th e  f ig u r e  obta ined  

a very sm all amount o f  polym er ised s i l i c i c  a c id  which i s  molybdate 

r e a c t iv e . The lung f lu id  has a pH o f  about 7*4, and t h i s  may be 

sim ulated by u s in g  R inger’ s so lu t io n , in s te a d  o f  w ater, fo r  s o lu b i l i t y  

t e s t s .  King, Mohanty, H arrison and Nagelschm idt ca rr ied  out 

s o lu b i l i t y  t e s t s  on f l i n t  samples o f  d if fe r e n t  p a r t ic le  s i z e s  u sin g  

R inger’ s so lu tio n  ( 6 l ) .  Their r e s u lt s  are g iven  in  Table and i t  

w i l l  be seen th a t the amount o f  s i l i c a  d is so lv e d , fo r  equal w e ights  

o f  f l i n t  (a  n a tu ra l form o f  f r e e  s i l i c a )  in  equal volumes o f  R inger’s 

so lu tio n , i s  r e la te d  to  th e  s iz e  o f  th e  p a r t i c le s .

TABLE 29
S i l i c a  s o lu b i l i t y  o f  f l i n t  d u sts  o f  d if fe r e n t  s i z e .

P a r t ic le  S ize  (u) 0 .5 0 .5  -  1 1 -  2 2 - 4 4  “ 8

S o lu b i l i ty  (mg.810^/100 m l.) 13.6 1 3 .4 13.1 8 .9 3.1

F l in t , g ra n ite  and opal are rooks which are r ic h  in  fr e e  s i l i c a ,  

and dust from th e se  rocks r a p id ly  causes s i l i c o s i s ,  w h ile rocks such 

as sh ale  and s la t e  o ften  contain  s i l i c a  c h ie f ly  in  th e combined 

s i l i c a t e  form and g ive a dust by no means so prone to  generate lung  

d is e a se . The ’*s i l i c a ' s o lu b i l i t y "  o f  such d u sts i s  a lso  much low er.

As mentioned p rev io u sly , much work has been done on e stim atin g  

th e p a th o g en ic ity  o f  m ineral d u sts  in  an im als. In general th e  r e s u lt s  

have agreed w ith th e  bulk o f  in d u s tr ia l  exper ien ce regard ing th e  h ea lth  

hazard created  by a irborne m ineral dust o f  var iou s s o r t s .

Quartz d u st, fo r  example w i l l  ra p id ly  produce nodules in  th e  lun gs  

o f  anim als, w ith a s u p e r f ic ia l  appearance very  s im ila r  to  th a t o f  the  

human s i l i c o t i c  nodule. Pure s i l i c a t e  d u sts , on th e  other hand,
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in c lu d in g  s e r i c i t e ,  produce o n ly  a very  m ild  r e a c t io n . Ac id - tr e a te d  

s e r i c i t e ,  su rp r is in g ly , causes a ra th er  la r g e  amount o f  f i b r o s i s ,  but 

t h i s  i s  probably due to  th e  in crea sed  s o l u b i l i t y  conferred  to  th e  

s e r i c i t e  dust by th e  ac id  treatm en t. On c lo s e r  m icroscopic exam ination, 

animal s i l i c o t i c  le s io n s  are seen , however, to  be not so w e l l  organ ized  

and to  conta in  much l e s s  dense c o lla g en  f ib r e s  than th e  human le s io n .

The appearance o f  animal s i l i c o t i c  le s io n s ,  developed over a long  

p er iod , does however become p r o g r e ss iv e ly  c lo s e r  to  th a t  o f  th e  human 

s i l i c o t i c  nodule.

Mixed dusts o f  fr e e  s i l i c a  and s i l i c a t e s  g ive  le s io n s  in  the lungs  

o f  anim als which are always in term ed ia te  between th o se  produced by  

quartz on th e  one hand, and by  s i l i c a t e s  on the e th e r . I f  much quartz  

i s  p re sen t, as in  a h igh quartz sandstone, s i l i c o t i c  n od u les w i l l  

r e s u lt  ; but i f  the s i l i c a t e s  predom inate, as in  m ice, k a o l in  or 

hornblende, the t i s s u e  r ea c tio n  i s  m ild  and l ik e  th a t produced by th e  

s i l i c a t e s  them selves.

Th is e f f e c t  may w e ll be exp la in ed  by th e  d ep ressin g  e f f e c t  whieh 

sh a le  dust has upon th e  s o lu b i l i t y  o f  quartz.

In a m ixture o f  k a o l in , mica and quartz, fo r  example, one m i^ t  

expect the amount o f  s i l i c i c  ac id  d is so lv e d  to  be co n d itio n ed  by th e  

most so lu b le  co n stitu en t o f  th e  m ixture, quadtz, and th a t  in  presence  

o f  ex ce ss  o f  th e  mixed powder th e  s o lu b i l i t y  would approach th a t  o f  

quartz taken a lon e . T h is , however, i s  not th e  ca se  (6 2 ) and 

adm ixture o f  ston e  dust w ith powdered quartz w i l l  depress th e  s o lu b i l i t y  

from 140 m g ./ l .  to  about 10

The sh a le-d u st component which d ep resses th e  s o lu b i l i t y  o f  qu arts  

i s ,  in  f a c t ,  a sm all amount o f  aluminium hydrox ide which i s  s u f f ic ie n t ly  

w ater-so lu b le  to  d ep o sit on th e  quartz p a r t i c le s ,  producing a th in  la y e r  

over th e ir  su rfa ce . T h is e f f e c t  may be dem onstrated by  add ing powdered 

aluminium, alumina or aluminium hydrox ide to  quartz d u st, when i t s
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s i l i c a  s o lu b i l i t y  w i l l  be reduced from about I 50 m g ./ l .  to  about 

10 m g ./ l .

I t  i s  not c e r ta in  whether th e se  d ep ression s in  s o lu b i l i t y  do in  

f a c t  exp la in  th e  depression  in  s i l i c o s i s  caused by th e  presence o f  

ston e  dust in  a ir  con ta in in g  quartz p a r t ic le s ,  but th e y  do, a t l e a s t ,  

form a very su g g e stiv e  p a r a l le l .

Experiments w ith an im als have a lso  dem onstrated the re ta rd in g  

e f f e c t  exerted  by the dust o f  aluminium or i t s  ox ide upon s i l i c o s i s  

development. A s ig n if ic a n t  fa c t  rev ea led  by th e se  in v e s t ig a t io n s  i s  

th a t th e  aluminium dust must be adm in istered con tin u ou sly  in  order to  

ex er t i t s  th era p eu t ic  e f f e c t ,  o therw ise th e  alum ina i s  apparently  l o s t  

by d is s o lu t io n  in  the lung f lu id s  le a v in g  th e  quartz fr e e  to  promote 

f ib r o s i s  in  th e  normal way. Thus Denny, Robson and Irwin (63) were 

ab le  to  demonstrate th e  p reven tive  e f f e c t  o f  aluminium dust upon 

s i l i c o s i s  development in  ra b b its  u s in g  a d u stin g  techn ique in  which th e  

an im als breathed aluminium d a ily , w h ile  B elt and K ing (64) were unable  

to  confirm  th e se  r e s u l t s  u sin g  in tra -^ ra ch ea l I n je c t io n . Denny, Rbhson 

and Irw in found th a t th e  ad d ition  o f  o f  aluminium dust to  th e  quartz  

dust r e su lte d  in  an e f f e c t iv e  in h ih i t iv e  a c tie n  upon s i l i c o s i s  production  

in  th e  an im als, and th e ir  f in d in g s  have more r e c e n t ly  been confirm ed by  

other workers ( 38) .

While i t  would appear th a t  c o n sta n tly  adm in istered aluminium or  

alumina dust would act as a suppressant upon s i l i c o s i s  production , no 

convincing ev idence has been put forward to  in d ic a te  th a t such dust may 

be used w ith cu ra tiv e  e f f e c t .

Aluminium and alumina dust have both  been t r ie d  as p ro p h y la ctics  

fo r  s i l i c o s i s .  In Denver, Colorado, a w e ll c o n tr o lle d  experiment was 

oondutted w ith developed s i l i o o t i c s  who breathed  alum ina d u st . Control 

su b jects breathed fr e sh  a ir  through th e same apparatus. AH th e  men 

expressed personal op in ions th a t t h e i r  co n d itio n  had improved, in c lu d in g  

the con tro l su b je c ts , but t h i s  su b je c t iv e  improvement was com p lete ly
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unsupported by any s c i e n t i f i c  ev idence e ith e r  from X-ray or c l i n i c a l  

exam ination.

Thus, w h ile th e  p r a c tic e  o f  stone d u stin g  in  coa l mines d o es, in  

f a c t ,  decrease the in cid en ce  o f  lung d ise a se , th e  removal o f  th e  h e a lth

hazard created  by a irborne dust more probably l i e s ,  not in  th e  

in trod u ction  o f  fu rther dust even i f  th a t dust be a n t id o ta l ,  but in  th e

suppression o f  the dangerous dust a lready p r e sen t.

The S i l i c o t i c  Nodule

Human s i l i c o s i s  p resen ts a very  d e f in ite  h i s t o lo g ic a l  p ic tu r e , 
p a r t ic u la r ly  in  advanced c a se s , where nodules hav ing a ^ a l l  o f  tw in e” 

appearance develop w ith in  th e lu n g . These nodules c o n s is t  o f  a good 

dea l o f  fib rou s scar t i s s u e  which hold s th e dust conten t o f  th e  l e s io n .

The dust i s  d is tr ib u ted  vâth in  th e nodule in  a  d e f in i t e  p a ttern , th e re  

b e in g  a d en sely  packed c e n tr a l core o f  dust p a r t ic le s  surrounded by an 

almost vacant zone which corresponds to  the d en sest o f  th e  whorled  

co lla g en  f ib r e s ,  and t h i s  i s  again fo llow ed  by a h alo  o f  dust corresponding  

to  th e  periphery o f  th e  nodule.

Other Eactors in flu en c in g  S i l i c o s i s  Development

Pure s i l i c a  e x i s t s  a t room tem perature in  four d if fe r e n t  

m o d if ic a t io n s ' quartz, c r i s t o b a l i t e ,  tr id y m ite  and fu sed  s i l i c a  or  

v i t r e o s i l .  The f i r s t  th ree  are c r y s ta l l in e  but v i t r e o s i l  i s  an amorphous 

fu sed  s o l id  or g la s s . Quartz i s  th e  on ly  m o d ifica tio n  which i s  

throffiodynam ically s ta b le , but none # f  th e  m etastab le forms show any 

measurable tendency to  in v ert to  quartz at normal tem peratures.

S ince quartz c r y s ta ls  have an asymmetric s tru ctu re  th e y  may e x i s t  

in  e ith e r  th e  ”d -” or ”1 - ” form. Experiments in d ic a te  th a t e ith e r  

stei}pisomer i s  equally  e f f e c t iv e  in  promoting f ib r o s i s  in  an im als.

S im ilar animal t e s t s ,  however, show th a t th ere  i s  a marked d i f fe r e n c e  

in  the p a th ogen ic ity  o f  th e  var iou s c r y s t a l l in e  forms (61 ) .  IThile 

c r is t o b a l i t e  appears to  promote f ib r o s is  to  on ly  a s l i g h t ly  g rea ter  or
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equal ex ten t to  quartz, tr id y m ite  appears to  "be very  much more le t h a l  

and v i t r e o s i l  appears to  be consid erab ly  l e s s  le t h a l  than quartz • Th is 

r e s u lt  seems to  in d ic a te  th a t the c r y s ta l s tru c tu re  o f  th e  pure s i l i c a  

does in flu en ce  th e  t i s s u e  r e a c t io n .

Th is explanation  appears q u ite  s a t is fa c to r y  fo r  th e  lower a c t iv i t y  

shown by v i t r e o s i l  which has a d isordered  typ e o f  s tr u c tu r e , but i t  

appears rather remarkable th a t th e  sm all s tr u c tu r a l d if fe r e n c e  between  

tr id ym ite  and quartz or c r is t o b a l i t e  should produce an alm ost th r e e fo ld  

in crea se  in  p a th o g en ic ity , s in ce  a l l  th e se  c r y s t a l l in e  s tr u c tu r e s  are  

composed o f  SiO^ tetrah ed ra  shar ing oxygen c o m e r s , d i f f e r in g  o n ly  in  

th e arrangement o f  th e  tetrah ed ra  in  space and in  th e  bond angle made 

between the two s i l ic o n  atoms and th e oxygen atom bound to  b o th . The 

n o n - s i l ic o s is  producing fe lsp a r s  are a lso  very  s im ila r  to  quartz in  

c r y s ta l l in e  stru c tu re , so th a t i t  seems u n lik e ly  th a t c r y s t a l  stru ctu re;  

alone can have so great an e f f e c t  upon f ib r o t ic  p rop erties*

I t  has already been shown th a t th e  p a r t ic le  s iz e  o f  quartz dust 

in flu e n c e s  both i t s  a b i l i t y  to  penetrate  to  th e  term in a l a ir  sacs o f  th e  

lung and th e  amount o f  s i l i c i c  ac id  which a g iven  w e ight o f  such dust 

may l ib e r a te  in to  so lu t io n . I f  s o lu b i l i t y  a lon e , th e r e fo r e , i s  th e  

only fa c to r  c o n tr o llin g  th e  development o f  f ib r o s i s  in  th e  lu n g , equal 

w e ights o f  quartz dust o f  vary ing p a r t ic le  s iz e  should in c re a se  in  

pathogen ic e f f e c t  w ith decreasing p a r t ic le  s i z e .  On th e  o th er  hand, on 

the'sam e h yp oth esis , i f  vary ing w e ights o f  th e  var iou s p a r t ic le  s iz e  

ranges are adm in istered, such th a t a dose o f  equal su rface  area  i s  g iven  

in  each ca se , then th e  pathogen ic e ff ifc t  o f  th e se  var iou s b atch es o f  

dust o f  d if fe r e n t  p a r t ic le  s iz e  should be th e  same.

King, Mohanty, Harrison and Nagelschm idt ( 63) performed experim ents 

o f  th e above type on r a ts  in  which f l i n t  dust o f  d if fe r e n t  p a r t i c le  s iz e  

ranges was given to  r a ts  by in tr a -tr a c h e a l in j e c t io n .  Their re su lts ;  

arc quoted in  T ables 30 and 31 *
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TABLE 30

Constant amount s e r ie s  (50 mg. f l i n t  per r a t )

F l in t
s iz e

M

S i l i c a
solub
i l i t y
(m g./l02^ j

Surface  
per ra t

(cm^)

Maximum 
sta g e  o f  
f ib r o s i s

Reached
a fte r
(months)

Minimum t: 
stag, 

(mont

Lme to  

i s )

2 3 if 3

if — 8 5.1 170 2 9 9 - - -

2 -  if 8 .9 350 3 10 3 10 - -

1 -  2 13.1 750 3 9 1 3 7 9

0 .5  -  1 1 3 .4 2 ,000 5 7 1 2 3 7

0 .5 13 .6 3 ,000 5 3 1 1 1 3

TABLE 31 

Constant -  Surface S e r ie s

F l in t  s iz e Wt* o f  dust 
per rat (mg.)

S i l i c a  s o lu b i l i t y  
at con stan t area  
(mg./lOO m l.)

Minimum tim e to  
f ib r o s i s  stag e  

(months)

3 4 3

4 - 8 199 4 .1 8 - -

2 - 4 100 4 .2 1 4 6

1 —2 42 4 .6 1 4 3

0 .5  -  1 17 .5 2.1 1 7 10

0 .5 6 4 .1 1 10 -
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I t  w i l l  be seen from Table 30 th a t  f ib r o t ic  e f f e c t  i s  indeed  

c lo s e ly  r e la te d  to  s i l i c a  su rfa ce , but c lo s e r  exam ination, (Table 31) 

r e v e a ls  th ere to  be a range o f  maximally f ib r o g e n ic  p a r t ic le s  in  th e  

r eg ien  o f  1 to  2 hi, and, from th e  design  o f  th e  experim ent, i t  i s  

obvious th a t t h i s  i s  n ot due to  a  maximum con cen tra tion  o f  s i l i c i c  ac id  
b e in g  r e le a se d  in to  s o lu t io n .

Dempster and R itch ie  (22) have shown th a t  quartz p a r t i c le s  obtained  

by gr inding conta in  a r e la t iv e ly  h ig h ly  so lu b le  ou ter  la y e r  which may be  

removed by repeated  b u ffer  e x tra c tio n  end can be regenerated  by fu r th er  

gr in d ing  or p o lish in g . King, Mohanty, H arrison and Nagelschm idt (66)  

have conducted animal experim ents to  t e s t  th e  p a th o lo g ic a l s ig n if ic a n c e  

o f  th e se  o b serva tion s. Two s e t s  o f  quartz samples were prepared, one 

by lea ch in g  w ith R inger's so lu t io n  end th e  o th er  by etch in g  w ith  

h yd roflu or ic  a c id . The U ntreated quarts sam ples served  as c o n tr o ls .

Both treatm ents reduced th e  s i l i c a  s o l u b i l i t i e s  o f  th e  samples to  

about 10 per cent o f  th e ir  o r ig in a l v a lu e . The sample lea ch ed  w ith  

R in ger's so lu tio n  was found, however, to  be  eq u a lly  as e f f e c t iv e  as i t s  

co n tro l in  promoting f ib r o s i s ,  w h ile  th e  sample etch ed  w ith  h y d reflu o r ic  

ac id  was even more pathogen ic than i t s  c o n tr o l.

Th is type o f ev id en ce , to g e th er  w ith th e  ev idence g iven  in  T ables 

30 and 31, may j u s t i f y  m o d ifica tio n  in  our concep tion  about s i l i c a  

s o lu b i l i t y  and i t s  r e la t io n  to  f ib r o g e n e s is ,  although i t  may be th a t th e  

h igh s o lu b i l i t y  la y er  o f  th e  tr e a te d  quartz samples was regenerated  in  

the lun g .

Another in te r e s t in g  fa c t  which should be taken in to  account in  

con sid er in g  th e v a l id i t y  o f  th e  s o lu b i l i t y  theory  i s  th e  acu te  to x ic  

e f f e c t  o f  c o l lo id a l  s i l i c a .  Dale and K ing (6?) found th a t 1 -  2 mg. 

o f  c o l lo id a l ,  20 A (0.002^u) s i l i c a  caused rap id  death in  m ice, w h ile  

30 mg. o f  s i l i c a  o f  respirabljst dim ension (O .i -  5-̂ Jt) were req u ired  to  

cause death . The acute to x i#  e f f e c t  o f  th e  c o l lo id a l  s i l i c a  was not 

decreased by ad d ition  o f  alumina, dyes, or p r o te in , which substances are  

stro n g ly  adsorbed on s i l i c a  o f  r e sp ir a b le  s i z e .



109

A R ecent Concept o f  th e  Mechanism o f  S i l i c o s i s

King (68) su g g e s ts  a  p o s s ib le  meci^anism o f  s i l i c o s i s  in  which b o th  

c o l l o i d a l  s i l i c a  and d is s o lv e d  s i l i c i c  a c id  p la y  a  p a r t .  "F ine  q u a rtz  

p a r t i c l e s  r e l e a s e  s i l i c i c  a c id  in to  s o lu t io n  in  a  l i q u i d  o r  in  th e  

l i q u i d  c o n te n ts  o f  a  c e l l#  Some o f  th e  s i l i c i c  a c id  e scap es  in to  th e  

b lo o d , and i s  c a r r i e d  away to  be  e x c re te d , o th e r  s i l i c i c  a c id  m olecu les 

po ly m erise  to  c o l lo id a l  d im ensions, and become f ix e d  on th e  p ro top lasm  

o f  th e  c e l l*  C o llo id a l  s i l i c i c  a c id  i s  a p r o te in  p r e c i p i t a n t ,  end i t s  

a c t io n  in  p r e c ip i t a t i n g  some o f  th e  p r o te in  o f  th e  e n g u lf in g  c e l l  may b e  

th e  cause  o f  th e  t y p ic a l  f i b r o t i c  resp o n se  which i s  alw ays caused  b y  th e  

p resen ce  o f  f r e e  s i l i c a  p a r t i c l e s  in  t i s s u e s #  The q u a rtz  p a r t i c l e s ,  

how ever, must be  i f  f a i r l y  d e f in i t e  s iz e  range#  They must n o t be  to o  

sm a ll ,  l i k e  20 & s i l i c a ,  o r  th e y  w i l l  p roduce an a c u te  to x ic  e f f e c t .

I f  th e y  a re  to o  b ig ,  no a p p re c ia b le  d i s s o lu t io n  w i l l  ta k e  p la c e .  The 

fo rm a tio n  o f  s i l i c o t i c  nodu les i s  a slow c h ro n ic  phenomenon. I t  appears 

t h a t  t o  produce them s i l i c a  p a r t i c l e s  must b e  sm a ll e n o u ^  to  l i b e r a t e  

s lo w ly , and over a lo n g  tim e , so lu b le  s i l i c a  i n to  s o lu t io n  from t h e i r  

s u r fa c e s  in  s u f f i c i e n t  amount to  produce a  c h ro n ic  l o c a l  i r r i t a t i v e  e f f e c t ;  

and must n o t be so sm a ll t h a t  th e y  w i l l  q u ic k ly  and co m p le te ly  d is s o lv e  

and be  e i t h e r  c a r r ie d  away o r produce on ly  an a c u te  l # c a l  e f f e c t ,  which 

w i l l  la c k  th e  con tinuous s tim u lu s  o f  c o n s ta n t ly  r e le a s e d  c o l lo id a l  

s i l i c i c  ac id*  I t  may be t h i s  p ro longed  i r r i t a t i v e ,  o r s t im u la t in g ,  

e f f e c t  o f  c o n s ta n t ly  r e le a s e d  c o l lo id a l  s i l i c a  which i s  r e s p o n s ib le  f o r  

th e  fo rm atio n  o f  th e  f ib ro u s  sc a r  t i s s u e  o f  a s i l i c o t i c  n o d u le ."

" B e ltd e s c r ib e d  th e  s t r u c tu r e  o f  th e  s i l i c o t i c  n o d u le  as a co re  o f  

d e n se ly  packed f i b r e s  c o n ta in in g  numerous doubly r e f r a c t i v e  p a r t i c l e s  o f  

s i l i c a ,  su rrounded  b y  a sh e a th  o f  f ib r e *  M icre—in c in e r a t io n  re v e a le d

a dense  h a lo  o f  f i n e  s i l i c a  a t  th e  p e r ip h e ry , b u t  a  spa#e alm ost v a ca n t 

o f  s i l i c a  betw een th e  p e r ip h e ry  o f  th e  f ib r o u s  sh e a th  and th e  core*

T h is  s t r u c tu r e  s tro n g ly  su g g e s ts  a d i f f u s io n ,  outw ard  from th e  c e n t r a l



110.

d ep o s it o f  p a r t ic le s ,  o f  s i l i c i c  a c id , much o f  which becomes f ix e d  on 

protoplasm ic c o n stitu e n ts  in  a zone s l i g h t l y  o u ts id e  and surrounding  

th e c o re , where m icro -in c in era t io n  r e v e a ls  i t  as a m ultitud e o f  very  

f in e  amorphous p a r t ic le s ,  e a s i ly  seen in  d a r k -f ie ld  i l lu m in a tio n , but 

not v i s i b l e  w ith th e  r e fr a c t in g  m icroscope^ I t  has been su ggested  

elsew here th a t p a r t ic le s  o f  quartz in  th e lung r e le a se  s i l i c i c  ac id  

which has s p e c ia l  b io lo g ic a l  p rop erties*  Th is b io lo g ic a l ly  a c t iv e  

s i l i c a  may be noth ing other than polym er ised s i l i c i c  a c id  or c o l lo id a l  
s i l i c a * ”

O rigins and C on stitu tion  o f  Airborne Coal Mine Dust

in  g en era l, dust clouds in  coa l mines may be formed in  th ree  w^ays, 

f i r s t l y  by evaporation o f  m ist or fog  p a r t ic le s  con ta in in g  d is so lv e d  

or suspended s o l id s ,  secon d ly  by th e  blow ing up o f  dust which has s e t t le d ,  

and th ir d ly  by m echan ical d is in te g r a t io n  o f  a so lid #

I f  a l iq u id  con ta in in g  d is so lv e d  or suspended s o l id s  i s  d isp ersed  

as a m is t , subsequent evaporation o f  the l iq u id  w i l l  produce dust 

p a r t ic le s .  In m ining, p a r t ic le s  o f  t h i s  t^p>e are produced a t the  

r e le a s e  p o r ts  o f a c e n tr a l water-*feed machine d r i l l  and in  other ways.

D usts blown up by a ir  currents tend to  c o n s is t  o f  la r g e  rath er than  

sm all p a r t ic le s  s in ce  th e  l a t t e r  are more f irm ly  h e ld  thgfi th e former by 

coh esive  fo r c e s  to  th e  su rface  on which th e y  have s e t t l e d .  A ccord ingly, 

la rg e  p a r t ic le s  may be r a ise d  by an a ir  cu rren t, but sm all p a r t ic le s  

which may have s e t t le d  on them may not be separated  from them* F ine  

p a r t ic le s  can o f  course be  blown up by a s u f f ic ie n t ly  pow erful a ir  

cu rren t, but the f in e r  th e  p a r t ic le s  th e more d i f f i c u l t  i t  i s  to  do so*

T/hen p a r t ic le s  are formed by the m echan ical d is in te g r a t io n  o f  a 

given s o l id ,  th e  average s iz e  o f  th e  p a r t ic le s  produced i s ,  to  a f i r s t  

approxim ation, in v e r s e ly  prop ortion a l to  th e  amount o f  energy expended 

per u n it  mass o f  th e  s o l id .  Th is i s  due to  th e  fa c t  that a s o l id ,  l ik e  

a l iq u id , may be regarded as p o sse ss in g  a su rface  te n s io n , so th at a 

d e f in i t e  amount o f  energy must be expended to  produce a new su r fa c e .
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%he actu a l va lu es to  be a ssign ed  to  th e  su rface  te n s io n s  o f  s o l id s  are  

Icnown only approx im ately and vary con sid erab ly  from one m a ter ia l to  

another, and a lso  w ith th e  p a r t icu la r  su rface  o f  th e  m ater ia l r e la t iv e  

to  the c r y s ta l  a x i s .  As has a lready been m entioned th e  c r y s t a l l in e  

stru ctu re  o f  th e  su rface o f  s o l id s  produced by m echan ical d is in te g r a t io n  

i s  profoundly changed, a surface o f  ir r e g u la r  s tr u c tu r e , or B e ilb y  la y e r ,  

b e in g  formed (2 2 ) ,  one o f  whose p r o p e r t ie s , by comparison w ith  th e  

normal s o l id ,  i s  a h igher s o lu b i l i t y .

Thus in  d r i l l in g  w ith  a machine d r i l l ,  where la r g e  amounts o f  energy  

are expended upon a sm all amount o f  s o l id ,  one would expect a v ery  f in e  

d u st , w h ile  in  d r i l l i n g  by means o f  a hand hammer a very  much coarser  

dust i s  obtained , owing to  the low er energy expend iture on a g iven  amount 

o f  so lid *  S im ila r ly , w h ile  con sid erab le  q u a n t it ie s  o f  f in e  dust are  

produced during b la s t in g  op era tion s, very l i t t l e  f in e  dust i s  ob ta in ed  

e ith e r  by sh o v e llin g  th e  c o a l, or t ip p in g  i t  in to  tru ck s or hoppers#

Airborne dust in  coa l mines may, in  f a c t ,  proceed from se v er a l so u rc e s , 

such as m echan ical d is in te g r a t io n  o f  th e  c o a l, or th e  n on -coa l sed im ents 

in  th e  scam, or the s tr a ta  composing the r o o f and f lo o r  o f  th e  seam, and 

a lso  from dust from comminuted coa l formed by com pressional movements 

along s o -c a l le d  ”s l ip - p la n e s ” in  th e seam#

A very  comprehensive m ineral og le  a l  survey o f  such a irborne c o a l mine 

du sts has been ca rr ied  out by Evans (69) ( 2) in  variou s c o l l i e r i e s  o f  th e  

South Wales c o a lf ie ld #  He recogn ised  th e  major typ es o f  m ineral 

c o n stitu e n t by means o f  th e ir  r e fr a c t iv e  in d ic e s  and uncovered much 

en lig h ten in g  inform ation#

In view o f  i t s  prominence as a pathogen ic m a te r ia l, Evans paid  

p a r tic u la r  a t te n t io n  to  the m ineral quartz# He found th a t quart*  

p a r t ic le s  found in  c o a l mine dusts could  be d iv id ed  in to  th ree  main groups*

"Group I" quartz p a r t ic le s  are o p t i c a l ly  c le a r ,  or s l i g h t l y  brown 

t in t e d ,  extrem ely angular p a r t ic le s  o f  quartz which sometimes e x h ib it
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undulose e x t in c t io n  between crossed  n i c o l s ,  in d ic a t in g  s t r a in .  Their  

sharp-edged character i s  a s ig n  o f  concho idal fr a c tu r e , and Ivans 

th e r e fo r e  suggested  th a t  th ey  had been formed by m echan ical d is in te g r a t io n  

o f  d e t r i t a l  gra in s in  th e  c o a l and a sso c ia te d  sed im ents, or from v e in s  

or v e in le t s  o f  secondary quartz* From t h e i r  nature i t  would seem th a t  

th e se  p a r t ic le s  might w e ll  be a s ig n if ic a n t  fa c to r  in  th e  production o f  

c o a l m iners' pneum oconiosis*

"Group II"  p a r t ic le s  o f  quartz are w ell-rounded and e x h ib it  even 

e x t in c t io n  between crossed  n i ç o i s .  They are e ith e r  a s so c ia te d  w ith , 

or f le c k e d  b y , c o a l p a r t ic le s ,  or coated p ajp tia lly  or v h o lly  w ith  

k a lo in ise d  m ineral m atter . In a l l  ca se s  th ey  rep resen t eroded gra ins 

o f  quartz r e le a s e d  from the parent sed im ent, m a inly c o a l, w ithout 

m echan ical a l t e r a t io n .  S in ce  th e se  p a r t ic le s ,  in  view o f  th e ir  

aluminous co a tin g  are undoubtedly l e s s  chem ica lly  a c t iv e  than th o se  o f  

"Group I" th ey  may be o f  le s s e r  in t e r e s t  than "Group I" p a r t ic le s;  in  

estim atin g  th e  h ea lth  hazard crea ted  by an a irborne d u s t .

"Group III"  quartz i s  only found in  specimens which have been 

in c in e r a te d  below 400^0. These p a r t ic le s  are coagulated  aggregates  

o f  m ic r o ^ r y s ta l l in e  m atter which r e fr a c to m e tr ic a lly  appear to  b e  s i l i c a  

a ss o c ia te d  w ith k a o l in ise d  m ineral m atter* They probably rep resen t  

c o l lo id a l  s i l i c a  in  c o a l or m ater ia l d er ived  from low-tem perature 

m icaceous or ferru g inou s m ineral m atter r e le a se d  during in c in e r a t io n . 

Although t h i s  mode o f  s i l i c a  i s  h ig h ly  so lu b le  in  th e  r e le a se d  s ta te  i t  

i s  probably b o  in h e r e n tly  bound up w ith th e  c o a l substance as t o  be o f  

com paratively l i t t l e  s ig n if ic a n c e  in  promoting the in c id en ce  o f  

pneum oconiosis i f  c o a l p a r t ic le s  are to  be regarded as innocuous.

O ccasional r e la t iv e ly  la r g e  (about 30-^) p a r t ic le s  o f  quartz 

p o sse ss in g  zoned outer margins are a lso  found in  airborne c o a l mine dusts*  

I t  i s  thought th a t t h i s  form o f  quartz i s  due t o  th e  rhythm ic c r y s t a l l i s e  

a t io n  o f  secondary s i l i c a  on the primary quartz fragm ent.
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A irborne co a l mine dust may, in  f a c t ,  con ta in  up to  about 15^ o f  

quartz, although i t s  average quartz content i s  c e r ta in ly  no h igh er than 

^  b u t, in  ad d ition  to  q u artz , substances b elon g in g  t o  two m ineral 

groups know, r e s p e c t iv e ly , as th e  m icaceous m inerals and th e  "kaolin"  

m inerals are present in  airborne c o a l mine dust which are im portant on 

account o f  th e ir  p o s s ib le  supp ressin g  e f f e c t  upon the pathogen ic  

p rop erties o f  th e quartz p a r t ic le s  in  th e  d u s t .

The m icaceous m inerals are a complex group o f  m inerals which are  

p r in c ip a lly  s i l i c a t e s  o f  aluminium, potassium  and sodium, to g eth er  w ith  

s i l i c a t e s  o f  ir o n , magnesium and lith iu m * These m inerals which a r e ,  

b a s ic a l ly ,  complex a lu m in o -s il ic a te s , vary c h ie f ly  in  th e ir  con ten t o f  

sodium, potassium alumimium and s i l i c o n .  The c h ie f  m icas a s so c ia te d  

wit^'- c o a l measure sh a les  comprise th e  range o f  m inerals between bram m alite 

(" s o d ic -8 e r ic i te ") which has an Na^O content o f  5«28/o, and i l l i t e  

(" ^ o ta sh -ser ic ite" ) which has an Na^O content o f  1 #03^. Movement 

through the range o f  m icas from brammalite to  i l l i t e  i s  accompanied by  

a s l ig h t  in crea se  in  th e  s i l i c a  t o  alumina r a t io  * Micas o f  h igh  soda  

content are norm ally found in  a s s o c ia t io n  w ith  c o a ls  o f  h igh rank, 

brammalite b e in g , in  f a c t ,  f i r s t  d iscov ered  in  th e  a sso c ia ted  s h a le s  o f  

an a n th rac ite  measure*

"Kaolin"'m inerals in  coa l mine d u sts  in clu d e  m in era ls’ such as 

k a o l in i t e ,  d ic k ite  and n a c r ite  which are e s s e n t ia l ly  SiO^ (OH)g or

RAIgO^, SiO g), as w e ll  as o ther hydrated a lu m in o -s i l ic a te s . The 

group i s  made up o f  c r y s t a l l in e  p a r t i c le s  as w e ll as m ic r o -c r y s ta llin e  

aggregates o f  k a o lin ise d  m ineral m atter*

Evans id e n t i f ie d  th e  k a o l in ise d  dust p a r t ic le s  (2 ) in  mamy ^ef h is  

exam inations o f  airborne c o a l mine dust by  tr e a t in g  th e  dust p a r t ic le s  

w ith a so lu tio n  o f  an a lu m in a-d etectin g  s ta in  known as "hluminon"

(ammonium s a lt  o f  aurine—tr ic a r b o x y lic  a c id ) which caused m ost, i f  not a l l ,  

o f  th e  c o n stitu e n ts  o f  th e  "kaolin*" fr a c t io n  to  acquire a deep red  

co lou ra tion  d etecta b le  in  grains l e s s  than 1 in  s i z e .  These probably
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rep resen t k a o lin ise d  m ineral matter w h ich, although p o s se ss in g  an 

alumina: s i l i c a  ra tio n  s im ila r  to  th a t o f  th e  more c r y s t a l l in e  memhers 

o f  th e  k a o lin  group, has not a tta in ed  th e ir  h igh degree o f  s t a b i l i t y .

K ao lin ised  matter occurs in  w idely vary in g  amounts in  airborne  

co a l mine d u st, e ith er  a s  d is c r e te  p a r t i c le s ,  or coa tin g  th o se  o f  

Group I I  quartz. S ince th ey  are capable o f  r e le a s in g  alumina under 

favourable c o n d itio n s , t h e ir  presence in  q u an tity  may exert a s ig n if ic a n t

depressive e f f e c t  upon th e  r e le a se  o f  fr e e  s i l i c a  in  th e  lu n g .

A la rg e  number o f  accessory  m inerals are a lso  found in  airborne  

c o a l mine d u s ts . These in clu d e  gypsum, anh ydr ite, d o lom ite, a p a t i te ,  

an k er ite , s id e r i t e  and r u t i l e ,  as w e ll  a s many o th e r s , but th e se  

substances are found in  very v a r ia b le  and g e n e ra lly  in s ig n if ic a n t  amountsi

Evans examined over 400 samples o f  c o a l mine d u sts and found th a t
coa l formed the major part o f the dust in  every c a s e . He th ere fo re  

concluded th a t , ir r e s p e c t iv e  o f  the manner o f  work ing, coal i t s e l f  i s  

the p r in c ip a l su pp lier o f  dust in  th e  mine and suggested  th a t th e  
p r in c ip a l sources o f  dust inh alèd  by c o l l ie r y  m iners, arranged in  order  

o f  importance were as fo llo w s :

(a ) The m echan ical d is in te g r a t io n  o f  th e  c o a l seam*

(b) Tlje s l ip  dust when present in  qu antity in  th e  seams.

(c )  The s tr a ta  com prising th e ro o f and f lo o r  o f  th e  workings 

as w e ll as from "stone-dusting" where t h i s  p r a c tic e  i s  

le g a l ly  enforced .

Evans found no c o r r e la t io n  to  e x is t  between the rank o f  c o a l be ing

mined and th e  quartz content o f  the dust ensu ing, but he d id  note th a t

the average p a r t ic le  s iz e  o f  the coal dust was con sid erab ly  sm aller than  

th at o f  the m ineral d u st, and that th ere  was an abundance o f  quartz 

p a r t ic le s  le s s  than'2-^ in  s iz e  only where mechanised o p era tio n s, sueh 

as the use o f  pneumatic p ic k s , were employed*
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Coal Miners* Penum oconiosis

Study o f  th e se  various, m ineral c o n stitu e n ts  o f  a irborne c o a l mine 

dust would n a tu r a lly  enable i t s  s i l i c o s i s  hazard to  be eva lu a ted , but 

th ere  are se v e r a l important d iffe re n c e s  between th e  pathology # f  

c la s s i c a l  s i l i c o s i s  and th at o f c o a l m iners' pneum oconiosis.

As. in  c la s s i c a l  s i l i c o s i s  one form o f  c o a l m iners' pneum oconiosis 

i s  due to  th e  a ction  o f  th e  dust a lone, and t h i s  i s  sometimes c a lle d  

sim ple pneumoconiosis* Another form i s  due to  the combined a c tio n  o f  

dust and in fe c t io n *  T h is  i s  in fe c te d  pneum oconiosis in  which 

tu b e r c u lo s is  i s  th e u su a l a sso c ia te d  in fe c t io n *  An ou tstand in g  

d iffe r e n c e  between s i l i c o s i s  and coa l miners* pneum oconiosis i s  that  

th e  l a t t e r  does not have such a d is p o s it io n  as th e  former to  tu b e r c u lo s is  

which can be recogn ised  during l i f e *  N e v er th e le ss , tu b er cu lo s is  in  a 

m odified  and o ften  obscure form i s  found in  a con sid erab le  proportion o f  

coa l workers dying o f  pneum oconiosis.

Gough has describ ed  the main changes tak in g  p la ce  in  a co a l m iner's  

lung ( 70) owing to  e ith e r  sim ple or in fe c te d  pneumoconiosis* Changes 

due t o  dust a lone are seen as b lack spots throughout th e  lung vary ing  

from m icroscopic s iz e  up to  about 3 mm* Some o f  th e se  sp o ts  are s o f t ,  

but o th ers  are hard and can be f e l t  as nodules* Although f ib r o s is  has 

thus occurred a t th e  dust fo c i  th e  nodules formed vary from th ose  o f  

c la s s i c a l  s i l i c o s i s  in  th a t th e  f ib rou s t i s s u e  i s  not arranged 

c o n c e n tr ic a lly , but runs in  various d ir e c tio n s  and o ften  r a d ia lly *

In and around th e  so f t  f o c i  th e a ir -sp a ce s  are d i la te d  g iv in g  a honeycomb 

appearance, w h ile  th e  hard f o c i  d if fe r  only in  that th ere i s  a cen tr a l  

hard core surrounded by a honeycomb o f emphysema* T h is  fo c a l  emphysema 

may reach such s e v e r i ty  as to  cause ex ten s iv e  d iso rg a n isa tio n  o f  th e  lung*

On th e  background o f  simple pneumoconiosis th ere  may be superimposed 

f ib r o s i s  due to  in fe c t io n #  In th e  in fe c te d  form o f  th e  d i s a b i l i t y  

m assive areas o f  f ib r o s i s  occur c h a r a c te r i s t ic a l ly  in  th e upper p arts o f  

th e  lung* They are round or elongated  and composed o f  dense b lack
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t i s s u e  having the c o n s is te n c y  o f  hard rubber* Sometimes i t  appears 

as i f  masses o f  c o a l are embedded in  the lung and th e  a f fe c te d  areas  

may be as much as 12 cm, in  diam* The m asses may be un iform ly s o l id  

or may have in  them areas o f  l iq u e fa c t io n , th e f lu id  presen t in  th e  

c a v it ie s  be ing inky b la c k . Although tu b er cu lo s is  i s  on ly p o s i t iv e ly  

in d e n t i f ie d  in  about a th ir d  o f  such lu n g s , th e  f a c t  th a t th e  f ib r o s i s  

occu rs in  the s i t e s  o f  p r e d i le c t io n  fo r  chron ic tu b e r c u lo s is ,  s tr o n g ly  

su ggests  th at tu b er cu lo s is  always p lay s a p a r t, but th a t  in  some 

in s ta n c e s  th e in fe c t io n  i s  dormant or has died out* In the lungs: 

show ing m assive f ib r o s is  th ere  are a ls o  nodules which are la rg er  than 

th o se  o f  sim ple pneum oconiosis, b e ing  up to  about 1 cm. in  diam* They 

u su a lly  occur near the m assive f ib r o s i s ,  but may be w idespread in  th e  

lung# They are s o lid  r a th e r  than honeycombed, and emphysema i s  l e s s  

common about th e se  in fe c te d  nodules, than around th e  sim ple nodules*

The degree o f  d i s a b i l i t y  r e s u lt in g  from e ith e r  type o f  m iners* 

pneumoconiosis w i l l  depend on th e  amount o f  lung in  which fu n ctio n  has 

been l o s t  or impaired* Th is may be due to  areas o f  lung b e in g  rep la ced  

by fibrous t i s s u e  or due to  emphysema# M assive f ib r o s is  i s  com patible  

w ith  resp ira to ry  e f f ic ie n c y  prov ided th at th e  n on -fib  rosed part o f  th e  

lung i s  not emphysematous. C h a r a c te r is t ic a lly , however, m assive  

f ib r o s i s  in  th e  upper parts o f  the lungs lead s  to  emphysema in  th e  r e s t  

o f  the lung# Th is in  turn a f f e c t s  th e heart and in c r e a se s  th e  d i s a b i l i t y *

Various th e o r ie s  have been expounded to  exp la in  th e  path ogen èsis o f  

c o a l miners* pneumoconiosis* One such theory  regards th e  lung d is e a se  

o f  c o a l workers as a m odified  form o f  s i l i c o s i s  and t h i s  in te r p r e ta t io n  

i s  supported by th e  fa c t  th at coa l in  i t s  natu ral s ta te  always c o n ta in s  

s i l i c a  and airborne dust in  c o a l m ines, as has been m entioned, con ta in s  

t h i s  m ineral togeth er  w ith var ious other m inerals u s u a lly  o r ig in a tin g  

from a sso c ia ted  rock stra ta #  However, d i s a b i l i t y  and f a t a l  lung d is e a se  

has been found to  occur in  mines where th e  dust has a low s i l i c a  conten t  

and,as been po in ted o u t, th ere are a ls o  s ig n if ic a n t  d if fe r e n c e s  in  th e  

pathology o f  the two d isea se s*
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In view o f  the t y p ic a l ly  low s i l i c a  conten t o f  a irborne c o a l mine 

dust, i t  has been suggested th a t development o f  lung d is e a se  i s  due 

rather to  th e  quantity o f  dust in h a led  by th e  miner ra th er  than to  the  

s i l i c a  content o f  such d u st. The fa c t  th a t  se v e r a l v ery  du sty c o a l  

mines have in c id en ces o f  lung d isea se  w e l l  below  th e  average tend s to  

disprove t h i s  theory however.

Thus, w iiile i t  i s  apparent th a t co a l miners* pneum oconiosis i s  caused  

by d u st , th ere i s  no very d e f in i t e  s c i e n t i f i c  in form ation  as to  which 

co n stitu en t o f  the dust i s  p rim arily  e f f e c t iv e  in  promoting th e  d is e a s e .  

S ince coa l predom inates in  airborne c o a l mine dust Evans in v e s t ig a te d  

th e  actu a l c o a l m acérais to  determ ine th e ir  p o s s ib le  part in  promoting 

changes in  th e lung t is s u e s *  He suggested  th a t th e  weak u l t r a - v io le t  

enmanations o f  c er ta in  coa l c o n stitu e n ts  (2 ) may be capable o f  producing  

morbid changes in  th e lung over len g th y  p e r io d s . The same author has 

in v e s t ig a te d  th e  methanol e x tr a c ts  o f  th e  v i t r a in  c o n s t itu e n ts  o f  se v e r a l  

low rank co a ls  (3 ) and has found them to  p o sses d e f in i t e  a n t ib io t ic  

p r o p e r t ie s . Evans suggested th a t t h i s  may exp la in  th e  in h ib it io n  o f  

tu b er cu lo s is  development o fte n  apparent in  in fe c te d  c o a l miners 

pneumoconiosis togeth er  w ith many o f  th e  apparent anom alies encountered  

in  in v e s t ig a t in g  th e  incidence, o f  th e  d is e a s e . Thus, in  accordance 

w ith Evans* theory, the incidence o f  lun g  d isea se  in  c o a l mines depends, 

not upon th e s i l i c o s i s  hazard, but upon th e  r e la t iv e  q u a n t it ie s  o f  c o a l  

m acérais which a re  contained in  th e  dust*
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