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1.

SUMMARY,

The history of pneumoconiosis is outlined, The various
theories advanced to explain silicogis are ctated and their
validity discussed. This allows the problems chosen for research
to be seen in relation 'to Aid’*h’her 'problems in this field, and provides

a general background to the research,

The phenomenon of the "ageing® of silicecus dusts, whereby the
rate of solubility of -the dusts appears to decrezse with storage
time, has been investigated. The effect of the vpreﬁpara’.’tiw‘
pmeeséﬁs {éci&v-er@raction, washing, and drying), the humidity and
gasecus noture of the storage atmosphsre, and the absorption of
carbon dicxide by the solvent héve been examined. The nature of

the surface of the dusts after grinding has also been studied.

As & result of the experiments it was concluded that the
decrease in solubility of siliceous dusts on sto:age is the result
of the following factors:-

(2) 4 graduel chsnge in the noture of the modified purface
(produced by grinding) from an amorphous to a more crystalline form,
of lower golubility.

(b) ‘The humidity of the storsge stmosphere and the adsorption
or loss of water by the dusts.

(c) The absorption of carbon dioxide by the solvent, The
rélative importance of each factor weries, and depaﬁés on the

physical chzracteristics, (e.g, perticle size, crystallinity) of
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2.
the dust involved.

~ The physical properties of silica (Si0p ~ fibrogenic) and

rutile (780, - non-fibrogenic) heve been compared. The following

regults were obtained:- | “

(a) The solubility of rutile at pH 7.5 (the pH of ﬁhe lung
fluids) is so low as to be oubwith the sensitivity of the reagent
used (i.¢. ¢ 1 pert in 108)., Silicas has & readily measurable
solubility at this pH,

(o} The existence in rutile dusts of a disturbed surface layer
of higher solubility then the core, anszlogous to the "dishiarbed

laye;i"* of quarts, was not detected.

(e} TRutile and quartz were shown to adsorb the same types of

mﬁmffﬁ (id By b&sj.c) .

(¢) Tutile adsorbs three to four times as much basic dye 28

Mes quartz.

These results indicate thet simple adsorption of materials
from the lung flulds plays at the most 2 small pert in the
production of silicosis. They provide further evidence in
support of the "solubility theory® of silicosis.

& method for the synthesis of small crystals of pure quartz
has been developed. The development of this method is deseribed.
Its uge for the investigation of the effect of trace impurities
on the physical and fibrogenic properties of guarts is discussed.



The work described in this thesis is a contribution to the study
of the chemistry of silica in relstion to the industrial disesse
#ilicogls. 1In order to select the most promising mmestfaxf’ sw,
the various aspects of the mubject are oritically reviewed in this
introduction.

In Grest Britein in 1952 there wers altogether 1,905 desths from
Pibrogis of the lung, including 677 cases of mou-ocoupational fibrogis.
Of the remainder, 586 were clsssified as silicosis, 573 as p@mmcorﬁ.eais
of coal miners, 12 &«s asbestosis, 13 ag byssinosis, ami 44 casen of
posumoconiosis from other industries (1).

These figures indicate the importance of pneumoconiosis (which is
& general term covering all dust disezses of the lungs, fibrous and
nomePibrous) in modern industry. The best known and most important
of ﬁm pasumoconioses is silicas%s which, at the International Silicosis
Conference in Scuth Africa in 19.3G, wag defined as followsi«

"Silicosiz is a pathological condition of the lungs due to the
ishelation of silicon dioxide, It cen be produced experimentally in
animal g, *



The lungs, being in free commmication with the externsl air
and its impurities, are provided by meture with proteciive devices
0 prevent the accumulstion of foreign particles. ‘

" Inh&led air must first pass through a filter of coarse hair in
the nose. Thence it goes through a series of tortuous, moist-walled
 pagsiges vhere many of the smeller particles are trepped. The

~remainder of the upper respiretory tract (the pharymx, the traches,
and the bmmhi) is lined by cells covered with mimte vibratory hairs,
the cilia., Particles lodging on the surface of ’these hairs tend to be
earried back vhence they came by the vibrations of the baire.

Dugt perticles vhich pass these defences are ingested by the
, glmgbmvt.'&s, wandering scavenger cells, which tend to carry the dust
to a specilal drainsge system, ﬁze lymphaticss ‘The dust ig then fixed
and imﬁliseﬁ in some part of the lung, ‘This mechanism is
protective at first, ut overlong exposure to high concentrations of
dust leads to a considerasble accumlation of dust, and pneumoconiosis

The time of exposure to dust required to produce silicosis varies
according to the dust concentration, particle-size distribution, the
percentage of free silice in the dust, and blological factors inciuding
individual suscoptibility and the presence or absence of imfection (3).
The lungs of meny men exposed for years to siliceous dust conbel
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a large amount of Pree silica showed mo evidence of having deweloped
silieotie fibrosis (4,5). o

In pormal lungs, silicosis is menifested by mmerous small,
upiformly distributed, discrete fibwous nodules, often causing mo

mptons. In infected lungs the fibrosis is messive and is accompanied

by compensatory ewphysema producing dyspnoss. th mnﬁicany |
predisposes to tuberculosis, of which a large but varieble proportion
of ite victins die.

Silicosis is not s "modern® disease, slthough its incidence is
probatly such increcsed by modern methods.

Pliny (6), writing in the lst Century 4.D., states that "Kinium
refiners in t‘i‘m factory emvelope their faces with loose bladders, which
mhle them to see withouﬁ inhaling the ‘fam dust®s This is probably
the first published recognition of the héimfulmsz«s of exposure to dust.

Wider and Wilson (7) observed evidence of silicosis with pleursl
adhesions in pulmonary tissues of the Palasclithic age, and Jones gt 8l.
{8) obserwed pleural adhesionms in Fgyptian mimies. Considering that
the miural rocks worked, in the latter case at least, were granite and
sandstone, one can speculate upon the existence of dust diseases qf the
Inngs in those tinmes.

" The miners of Fgypt, Greece, and Rome were slaves, crimimels, and
prisoners of war, and were ersatures half-wny between man and beast.



6.

If dust discase existed (the mines were very wet, and it mey not have)
1t would probably be a plessent release from the tortures of their

After the f£all of the Romsn Bmpire minming wes carried on only
dntermitbently until the 10th Century in Centrsl Hurcpe. The miners
o:i‘ tﬁia period were free men 2nd had thelr own guilds.

. These miners of Central Burope suffered from a disesse known as

‘-v'%rgm&t‘ vhich, as & clinical entity, was & mixture of silicosis,
“pulmonsry neoplasms, and arsenical and mercurdial poisoninmg. The
pathopenesig had 1ts roots in demonclogy, in alchemy, in "humours", and
in one or two sound clinical cbservetions.

| Wthere water in the shafbs is aimndant and very cold, it frequently
injures the limbs, for cold is barmful to the ginews. To meet this,
miners shonld meke themselves sufficiently high boots of raw-hide which
protect thelr legs from cold woter; the man vho does mot follow this
advice will suffer much ill-health, especlally in olédwzge. On the other
‘hand some mines are so dry that they are completely devoid of water, and
this dryness causes the workmen even greater harm, for the dust which is
stirred and beaten up by digging pemetrates intoc the windpipe, and
produces difficulty in bresthing, and disease which the Greeks call
asm (3;» vl ). If the dust bas corrosive qualities it eats away
the lnngs apd implants consumption in the bodies.®

hus Agricola (9), in his *De Re Metxllica® published in 1556,
desexribed the hazards of mining in his time. Panse (10), in 1614, vas
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the first writer to discuss miners! lung diseases in detail, and in

1649, Van Diemertrock (11) mede the first section of a stome-cutterts
lung in & case of fatal asthma. This revealed "lung vesicles completely
clogged with fine dust" such that he thought that he was eutting some
sandy body. |

By the end of the 17tk Century German mining had deelined, tut by
this time the use of gumpowder for underground blasting had been
introduced by Weindl, a Tyrolean, and Huimann had tried ocut a crude
© drilling mschine, These inmovations probably msrk the start of the
modern dust problem.

The indusirisiisation of Britain in the 19th Century saw a great
increase in occupationsl dust disease in Britain, From Ewﬁwﬂ, in
1831, Gregory (12) reported "a case of peculiar black infiltmtion of
the whole lungs resembling melsnosis®. Evenbuzlly what commenced as an
investigation of this "black spit", a peculiar fomm of melamosis, ended
up as a reasonsbly accurate pathological and elinicel concept of
#ilicosis and cosl minerst pneumoconiosis.

Until the mid-point of the 19th Century, serious respiratory
digease among all types of miners was high, and their mesn @uration of
1ife was less than average., Towards the end of the Century, however, a
strange phenouenon occurred -~ the *black spit® graduslly dissppeared
until at the end of the Century it was almost forgotten as 2 medical
entity, This was probably brought sbout by improved ventilation (the
introduction of mechanmicsl ventilation) and sanitary conditions.
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This wes so marked that Collis (13) stated that "asthma has passed
almost uncbserved from our midst,” and Haldane (14) averred, in effect,
that coal miners did not contract pneumoconiogis. Officlal statistics

for the %time did not support these stetements, however, for miners died

in excessive mumbers from *broanchitis®,

In the first quarter of the 20th Contury pits became deeper and
seans mMBr, and mechanisation was introduced without adequate &nsﬁ
mppressien. As a result of this, 22,000 British coal miners had to
leave the pits, beczuse of pneumoconiosis, between the years 1931 and
1948. In 1949 and 1950 an additional 10,000 casce were diagnosed, and
43500 of these had to leave the pits. In 1945, out of & totel work- |
foree of 700,000 men, there were 5,706 &aaﬁ;s from occupations) chest

disenze,.

Pnoumoconiosis ig now the most serious industrisl dipease in the

The nechaniam of the diseage silicosis is still very obseure, amd
many theories have been advanced to explain ite. Some of these theories
ere digcussed below. ' o

Tue Mechapicsl Theory of Silicosis.

Haldane (15), after a study of the pathogenic effects of dusts used
in stope~dusting in the mines, concluded that powdered clay, shale, chalk,
and other soft, inert meteriszls are harmless, vhereas flue-dust, erushed



granite, flint, ganister, and other gritty material are dangercus,
giving rise to chronmic inflammation of the lung tissues. That iz %o
axy, the fibrosis is produced by irritation of the soft tissues of the
lungs by the hard, sharp edges of the particles.

It is a fact that foreimn bodies in the tissue excite a certzin
apount of resction which is followed by the production of fibrous tissue.
This type of fibrosis is, however, never comparable to the extensive
fibrozis of silicosia.

Conelngive evidence against the mechanical theory of silicogis was
provided by the experiments of Cardner (16). He showed that silicon
carbide dust, the particles of vhiah are very hard and have edges which
are as sharp as those of mineral dusts, did pot, on introduetion to the

lungs of animsls, produce the typical fibrous reaction brought about by
quarts dusts.

In 1918, Lanza (17) suggested that there wes & commection between
the chemical composition of the dust and iis pathogenicity, since the
most dangercus dusts contzined the grestest amounts of gilies.

In 1922, Gye and Kettle {18) provided further evidence of the
importence of the chemical composition of the dust. They showed that
the subeutanecus injection of silicz into animels produced characteristic

lesions, These consisted of a central area of necrosis {dead tissues)
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gurrounded by en area of leucocytes (white blood corpuseles) followed
by a further zone of necrosis. The whole lesion was bounded by
gramlation tissue (i.e. tissue vhich forms when a wound heals when the
edges are not in apposition). These workers also concluded that, since
tubercule baeilli mmltiplied repidly in the necrotic areas, the action

of gilice must aid the estsblishment of this infection.

Gardnerts experiments (16), in disproving the mechanical theory,

also supporied the chemicezl theory of silicogis,

In 1926, Seyers (19) suggested that those dusts which had the
highest free-silica content were the most injuricus, end that injury to
the lung tissues might be czused by a polsonous action of silica
dissolved im the lung fluids. This is, in effect, a statement of the
chemical theory of silicosgls, that the chemical properties of the dusgt

are jmportant as a causative in the production of silicosis.

The report of Heffernan (20) in 1926 on dust conditions arising in
the mamifacture of Derbyshire ganister bricks showed that workers exposed
to thig dust did not develop silicosis. The composition of the dust
was ca.84% eilica and 16§ clay and enrth, with some organic matter, i.e.
a dust with a high free-silice content which did not cause silicosis.
ﬁxis. provided an apperent contrsdiction to the chemicel theory.

_Eeffermn cone}uded, however, that the minor constituenis of the dust
were mrting soméb xéxodifyiﬁg influence on {;he usxmi f’ibmganic properties
of silica., ‘These findings drew the atiention of workers in this field
to the importance of the effects of minor constituents cceurring in



In further supporting the chemical theory Kettle (21) in 1926
propounded 2 mechamism for the disease. He suggested that the silica
disgolved in the lung fluids forming colloldal silicic mcié, Mch acted
28 a eell poison and produced necrosis. He also concluﬁed that it was
the silica itself, rother than the fibrotie condition of the tissues,
which promoted the growth of the tubercule bacillus.

In 1932, Kettle (3) investigated the harmfulnese of a mamber of
different dists. He injected mice and rabbits suboutanecusly with
saline suspensions of the dusts z2nd exemined the tissue reaction
produced, He found that all the siliceocus dusts tested were active,
profiacing necrosis and exciting a promounced celiular reaction. All the
nonwsiliceous dusts were inert, and remeined gquiescent at the site of
injection. The most veluable part of this work was prebably the
discovery that & highly toxic quartz dust could be randaréd completely
imopouous by cozting with & thick layer of ferric oxide. He suggested
that the ferrie oxide layer prevented the silica from dismlving in the
lung fluids, =nd that this accounted for the hermless quality of the dust.

In 1933, Policard (22) showed that dissolved silica acts as a cell

In 1935, Siegmind (23) and Gelse (24) confirmed Kettle's findings
that only siliceous dusts produced the nodulzr fibrotie conditions of
silicosis and demonstrated conclusively thet some chemical property
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peculiar to silica was responsible for the initistion and development
of the pathological changes associated with the disease.

Policard (22) had shown that siliea is 2 cell poison, and it was
suggested that the toxicity of 2 dust was depenﬁant upon the amount of
giliea it released into solution in the body fluids. Thus the

of silicosis developed from the general, chemical

theory.

King {25) has carried out extensive resesrch on the modern

solubility theory, and, in general, his results supported the theory.

He showed that quartz and flint, which are among the wost toxie of the
mineral dusts, dissolve to the extent of 10 mg. siliea per 100 ml. of
blood plasma; whereas shale~dusts, which have & very low pathogenicity,
have a golubility of only 1-2 mg. silicz per 100 ml. of blood plasms.
Moreover, ghale dusts markedly depress the solubility of quartz dusts
-and almost completely inhibit the pathogenic effects in the lungs of
animzlsg, King also showed that mica and shale dusts vhich heve besn
treated with strong mineral ascid become more soluble and more pathogenic,

There are, however, some discrepancies in the theory. While i3 is
true that the more soluble forms of silicz are the more foxie, it is not
true that the most soluble is the most toxie. Gardner (16) found that
extremely soluble 20 Angstrom gilica® produced as & condensate in
furpaces in which ailica send is melted, is without effect on the lungs
and ldvers of experimental animals (presumably becemse it is eliminated
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too prompily from the body). 4gein, certein sandstones of
extremely low silica~solubility are almost as pathogenic as quartsg
vhile olivine is of inmtermedizte solubility, but apparently causes no
pulmonary disease in men and no fibrosis in the lungs of animals.

Denny, Robson, and Irwin (26) showed that the development of
gilicosis in animals @Xpbﬁeﬁ. for lonr periods to & quartz-laden
atmosphere could be prevented by the addition of small quantities of
finely divided metcllic aluminium powder to the quartz dust. They
algo showed that the presence of a small amount of metellic aluminium
in & quartz dust almogt completely inhibited the solubility of the quarts
in vitro. They demonstrated that this wos due to the adsorption of
aluninium hydroxide at the quartz surfece. This formed a protective
coating which prevented contact of the quertz with the liquid besthing it.

Belt and King (27), aduinistering single doses of the mixed dusts
to animals by an intratrachesl injection technique, cox;zld not
substantiate these findings. Ring suggested, however, that the failure
of the aluminium to inhibit the disecse in these single dose tests was
probabily dune to elimination of the metal by the body, leaving the quartz

dnst in the lung to contimae its normal fibrogenic course.

This suggestion, thet the nethod of adaministering the dusts was at
fault, was borne out by the work of King, Wright, By, and Harrison (28),
who showed that the devslopment of silicosig in the lungs of rats
exposed to an atmosphere heavily laden with quarts dust could be retarded,
or possibly prevented, by the addition of 2% aluminium powder to the dust.



The solubility theory of silicosis may, therefore, be accepied as
a good gemeral hypothesis. It is, however, incomplete, and hes some
discrepancies. King has suggested that these way be cdue to the
@ifficulty of exactly simlating bdd;y-procmsses in vitro, Although
one dust may dissolve more rapidly than another in solubility tests,
this does mot prove thot the same will be true in vivo. He also
sugrested that the poisonous meteriels leached from the silica in the
lunge may not be identicel with those dissolved and determined in vitro.
He further suggested that there wight exist some form of "nagcent®
silica in solution which eould ewvoke in the body tissues the characteristic

£ibrotie reaction of silicosis.

Jones (29), on examinetion of the rocks from the underground working
places of some miners who had contracted silicogis, found that not all
of the rock came into the categories which were ,1agally congidered

dangerous. He decided to imestigate the matter.

He exsmined the rocks and the winerzl residuss from 29 silicotie
lungs. The bulk of the residues were found to consist of mimate fibres
of the minmsral sericite, a hydrated silicate of aluminium end potassium.
This mineral was also found to be abundantly present in all the rocks
and minerals giving rise to dust which when inhaled hse been incrimimated
ag the cause of silicosis. Jones then sugrested thet these resulis
showed that silicosis is not due to free silica, tut to silicate minersls

occurring in the form of mimte fibres loosely held together in the rocks‘



g0 that, during handling, drilling, and blasting, they are readily
freed into the atmosphers and inholed into the lungs. He made no
suggestion a2 to how the sericite coused the fibrosis.

This theory arcused considerchle discussion. It meeive& mich
support since it seemed to clerify certein snomalies i'n relation to
dust composition and pathogenicity (30). Meny cases of silicosis have
been diagnosed among miners at Broken Hill, New South UWales, .ltusax’ta:t‘l:ﬂ..’i.aa,f
The amount of free silica in *the ove vories from 1.62 to 17.73%. At
Broken Hill, however, there occurs a rock known as "sillimanite~goeiss”
in which the aluminium silicaff.e mineral, sillimenite, oceurs, generally
ag mimte fibres. Sericite is alsc sbundantly present in some of the
rocks. The rocks are, therefore, of low free-silica content, tut
produce dangerous dust which can be explained on the basis of the

sericite theory.

There was also, however, mich criticism. Haldane (31) strongly
disagreed with Jones' conclusions. He stated that what seemed of
importance was not the nsture of the dust found in the lungs at the kine
of death, mt the history of prolenged exposure to dust of high free-
silica content. He found mothing to indicate that either the absence
or presence of sericite had anything specially to do with silicosis
produced by cuarts, whereas the evidence incriminating dust with a hid
percentage of cuartz was overwhelming, | He explained the presence of
gericite in the silicotic lungs as due to the fact that free-gilice
digsolves graduaslly in an alksline liquid, wvhereas noutral silicates ure
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m less soluble,

Contrary experimentsl evidence wes later produced. Lemon sud
Higgins (32), and Fallon and Banting (33), were unable to produce lesions
even remotel}r resembling those of silicosis by the injection of sericite
into the lungs of animals.

The sericite theory is eriticised, but not totally disproved, for
it does a2t least provide an explanction for various anomalies in the
chenical composition - pathogenicity relctionghips of some minerals.

The Freghly Fractured Surface Theory.

T™e idea that freshly fractured silica mirfaces are especially
active in the production of silicosis appesers to have been first
sucgested by Heffernan (34) in 1935, who, following upon the work of
Bragg (35) on the crystal structure of silica, suzgested that its
peculiar biological setivity might be expleined by the presence of
unsatisfied valencies at the surfaces of its psrticles. Heffernan
recognised that these valencies could be easily satisfied by hydration,
and that this would occur very rapidly in any normal atmosphere. It was
thersfore necessary to postulate thoet only freshly fractured dust wes
active,

There was no experimental evidence in support of the theory, and
even at that time there was considersble evidence against it. CGarduner

(36) had shovn that it was possible to produce silicosis in animals by



7.

exposing them to clouds of silica dust caused by stirring up commersisl
ground silica. He wes in the habit of buying this material in tulk,
and storing it for years prior to use, yet he never observed any
deterioration in its power to produce silicosis. Gerdmer (37) was |
also able to produce silicosis using dusiﬁs vhich had previously bsen

suspended in water for several days during particle~size grading.

’ﬁle theory was agein propounded by Briscoe et zd. (38) in 1938 as
the result of experimental studies on the thysicochemiecal properities of
finely ground moterial. They suggestoed it as a possible "explanation
of the failure of attempts in the past to induce silicosis in animels by
exposing them to artificially crected clouds of silica dust®. There
are, however, other poscible explamations for such failures, and any
theory which purports to explain the failure of guch an experiment must

also explain the success of Cardnerts experiments.

Hlthough these defects in the theory were well known to many, no
arguments were publicly adduced apeinst it, with the result that it came
to be accepted as true by meny pésple. | |

In 1947 Poliecard (39) gave the folloving examples in favour of the
theorys
(3) .Borth African desert shesp do not develop silicosis although
contimaally exposed to the ibhelation of sond, He stoted that this
wag becsuse the sand was weatherod and had no unsstisfied surface
valencies. |

(2) Send blasters develop silicosis through exposure to sand which,



although weathered, hag freshly fructured surfaces produced by heat
end impact, and is therefore dangerous.

{3) Silicosis used to be common among millstome workers. The
concentration of the dust to which they were exposed was very low, tut

the dust wes freshly generzted znd therefors active.

Heywood (40) pointed out that Bagnold's survey of desert sand (41)
showed thet it contained very few particles less then 2004 in diameter,
god that air-borne dust in the desert is almost entirely non-siliceous,
From this it can be rezdily undersitood why desert sheep do not dewvelop
gilicosis.

e sand blasters are exposed to very fine particles produced by
shattering, and there is no need to postulate specially aetivsted surfaces
in this case. The concentration and composition of the dust to which
the millstone workers were exposed has never been imréstigated, end the
example must be speculative,

*Freshly fractured® dust may be more active biclogieally than "old*
dust, tut it seems improbaeble. All available evidence suggestz that
hydration of the fresh surfaces occurs rapidly on exposure to the
atmogphere. If the dust resches the alveoli in an active state, wetting
by the slveolar fluids will presumably destroy its activity instantly.
¥hen it is remembered that the time recuired for the production of
silicogis in even the smallest animel is a motter of weeks, the
importence of such & transient property would sppecr to be small. Also,

in any working conditions (e.ge in 2 cosl mine), the freshly fractured
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dust in any cloud that is caused by drilling or blasting will be
accompanied by much %old® dust ralsed from the surrcundings by the
blast.

Although there are these objections to the theory, msny workers
believe that the freshly fractured nature of the dust is of
importence in the production of silicosis.

In 1949, Weyl (42) demonstrated that the surface of silica exerts
e strongly oxidising effect, compsrable with that of ozome. The
effect is very strong for dusts of freshly ground-quarts, elay, silica
gol, and some other silicates, and persists in presence of moisture.
The effect is enhanced by light and heat, and is proportional to the
surface area of the dust.

eyl used 4:4':4"-(dimethylemino) triphenylmethane to demonstrate
the effect. This is & very sensitive reagent for atomie oxygen,
forming the intensely coloured Crystal Violet. The formation of
Crystal Vidlet can be observed by exposing the wapours of the reagenmt
to siliea.br clay at 150°C., or by contact of the colourless solution of

the reagent in benzene with silica gel at room tempersture,

Weyl believes that this gives a pleausible explanztion of the
toxicity of siliea and clay cduste in the lungs, and that the
efficiency of sluminium metal therspy is explained by the fact that

2luninium is & reducing azgent.
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This theory is sgimilsr to the freshly fractured surfsce theory
in that the existence of atomlec oxygen is a transient phenomenon, and
the uamption that freshly fractured surfaces are the only aective ones
isl‘ essential to Veyl's theory.

Agoin, the phenomenon is mach more marked in the case of clay,
and Weyl fits thiz to his theory by assuming that clay can cause
gilicosis., (lay doeg not, in fact cause silicosis, b may even
prevent it (43).

The Carbon Pioxide Theory.

Bige (44) examined specimens of guarts from mining areas where
gilicosis is prevalent, snd found that the quartz of these regions
carries licuid inclusions, while that of the silicosis-free areas
cerries very little. The liquid inclusions were identified as liguid

cerbon dioxide and water or some aqueous solution.

If a plece of "milky® quartz is heated to body tempersture {37°C.)
it will be 60° above the critical temperature of the carbon dioxide,
The pressure within the cavities will then be in the region of half~z-ton
per square inch. If the containing quartz wall were brokenm, the carbon
dioxide would expand to 400 times the volume vwhich it occupied in the

Bige speculates as to the effect of the disintegration of the
quarts parficles in the lungs, and the sudden discharge of their gases



under pressure intc the surrounding tissue. He did not meke any
cla.:m as to the importance of the liquid inclusions in quarts in the
pmduction.of silicosls, btut it is obvicusly a factor vhich adds
farther com;ﬁlication to the elucidation of the mechanism by which
gilicosis is produced =g the result of the entrance of small partic}.es‘

of gilica vinto the lungs.

"meée, then, are the :‘theoriee of silicosis,. Kone of them is
completely satisfactory. A1l have 'their critics and their supporters.
Tt is probable that mo single theory will be sble to explein how
gilicosis is produced, ut that some complicated combination of

mechanisme is involved.

Eilica has several properties which meke it unique among industrial
dusts, These properties are emumerated below.

1) lSiliea, vhen injected into any animsl tissue, produces a series of
pathologicsl changes culminating in fibrosis (3). Fo other mineral
which has o far been investigated is capahle of causing sucsh changes.

2) These effects are dependant upon the particle size. In order to
produce these effects, the average diameter of the silica particles must

o &
1ie between 3u (3 x 10* A) and 0.02 4 (100 &) (7).  The upper limit is
well establiched, but the lower limit is not. Silice particles of

collofdal dimensions ere very toxic (3), and produce zn acute inflammstory



resction similar do that produced by other minerals.

3) ‘This pmpW‘ is a function of the surface of the "p&m&a becauses~

(a) It is omly shown by particles of less than & certain size.

(b) Within the fibrogenic particle size range, the effect of a given
welght of silica is proportional tc the fineness of the
material. |

(¢) The pathological changes are evidently produced without amy loss
fmm the dust msing them,

{@) By preventing contact of the dust surface with the tissue (e.g.

by coating with aluminiuz or ferric oxide) the pathological
ahdnges cen Se inhibited. |

4) Silice has the property of faciliteting the growth of tubercule
baecilli in enimel tissue, & property shown by no other necrotising

substence,

5) The biological activity of silices has never been showm to be
present in tissue culture (45).

6) Clelland (46) h=s demometrated the existence of 2 "high-solubility”
or "disturbed® laver on the surface of silica dusta.

These are the unicue properties of miea. In the past mﬁ.y
aabstumea of in&uatﬁ.al importance heve been 1mest:.gated, and some

material of similar properties may occur among the lecs common compounds.
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Since there is no known cure for silicosis after it has developed, -

prevention is the only effective measure.

"ﬂim are several methods of prevention, none completely
setisfactory, but used in conjunction they provide an effective safe~
guard againegt sili‘ccsis. |

Hateh (47) considers the following to comprise a well~balenced
industrial dust-control progremmes~

1) Hedical examimation of the workers before employmemt to eliminate
thoge with respiratory disorders.

2) Dust control within industry, and reguler checks on its efficlemcy
by dust surveys and medical examinations.

3) Iimiting the frequency and duration of exposure of employees to dust.

In addition to these methods, the use of face masks ig advoeated
in some industries.

The work of Denmy, Robson, and Irwin {28) led o "alumindum therapy®,
i.e. the exposure of workers to clouds of fine sluminium pwder, the
inhalation of which would have 2 modifying effeet on the action of any
gilics previously inhaled.

Conelugion.

Thie introduction hes surveyed some aspects of the silicosis problem



in modern industry, Ihe mechanism By which silicosis is produced is
as yet unknown., ‘The work described in this thesis was begun with the
objact of investigating some aspects of the chemistry of ailica and |
its surface properties, relevant to ‘Bhe general problem but zg yet
almost or completely unstudied.

On considerztion of all the factors disecussed abovey, it was
decided that the following subjects would meoke interesting snd useful
topics for study:-

1., Tahe “ageing® of giliceous dusts.
2+ Comparison of relevant properiles of silice with the
"+ corresponding properties of closely anslogous materials,
3. The effect of trace impurities on the surface properties
and pathogemicity of siliea,.,
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Section 1. The Arelng of Siliceous Dusgbs.

Several workers have observed alterations in the properties
(principally the solubility) of siliceous dusts as the age of the dust
increased. . Demny, Robson, and Irwin {26) claimed thet experimental
silicosis was more readily produced by exposing animels to freshly
. ground quartz than by exposure to stzle dust. Brimeoe, Matihews, Holt,
and Sanderson (38) showed that freshly sround minerzls were more soluble
(i.e. with respect to silica) than those waich had been stored for some
time in bottles. Kitto and Patterson (48) found that the rate of
solution of quartz decreased with the time which had elapsed gince

grinding, ut that after two or three deys ocny further decrease was slow.

More recently, Clelland (46) has shown that the solubility of
Lochaline sand decreases on storoge. His results show a decresse in
solubility from 0.58 to 0.32 mg. S10,/100 ml. for acid-treated dust, and
from 0.34 to 0.19 mg. Si0,/100 ml. for untreated dust. These changes
represent & decrease of 45% of the initisl solubility over e period of
goven weeks. Similarly, Gibb {49) noted a decrease in the solubility
of cuartz dust with storage time.

The work described here wes designed to investigate this phemomenon.

Experimental.
1) General.

When considering this problem, for the reasons outlined below, the



e

dusts mist be divided into two categoriesss
(1) Iochaline sand.
(i1) Quartz, Vitreosil,

Lochaline sand chows & deecreszse In ssluﬁility on agei‘ﬂg; | In the
course of prepsration it is not subjected o any vigorous erushing or
grinding action, which grindlng would permit the ageing to be a‘mplaimd
as a gradual reversion of an amorphous layer (caused by ermshing) to a
crystalline or semi~crystalline form.  Some other axplézmztion m::at |
therefore be sought for this. (The Lochaline sand is washed at its
sourae; and in this process, and in the processes of sedimentation,
acid-extrection, and washing, it may undergo some slight polishing
through the rubbing of the particles ageinst each other,)

Quarts and Vitreosil oz the other hand ere subjected to crushing
and grindiag in the course of thelr preparation for experimental work,

and the crystalline change explanation may be advanced for these cases.

Any explanstion vhich is advanced for Lochsline sand must apply, te
some extent, to the other materials, =ince they are subjected to the same
acid-extracting, weshing, and drying trextment as the sand.

It is possible that the chenge in solubility with age of these
materials is a result of several fzctors acting together. The following
factors have been considered:-

1) ‘The adsorption of atuospheric gases by the dusts.
2) ieha.me in the erystalline mature of the surface of the dust after

srinding,.
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3) ‘The sdsorption of atmospheric water wapour by the duastse
4) The effect of other preparztory processes (acid-trestment,
, waghing, @mng)-
5) ‘e effect of absorption, by the solventy of carbon dioxide from
the atmeosphere, |

‘the experiments were contucted vfith the materials to which the
factor being investignted was mogt likely to apply.

2)  Preparstion and Source of Materials.

‘ﬂae dugts used in thic work were prepared from the following three
siliceous materizals, and are identified in mubsequent sections of thé
work by the letters guoted in parenthesis {e.g. R.C. = rock erystal),
followed in some cases by 2 mumber referring to a particular experimental
batch. | |

(1) Rock Cryetal., Large crystals of Hadagascar quartas, selected for
their visual purity, were reduced to dust In & steel Jaw~-crusher and an
8% Chrigty-Norris laboratory bamer-mill, ‘The products were seperated
by sieving into 50-70 and 70-90 mesh B.S. froctions. Hetsllie
contamination of the dusts during these processes cannot be avoided, and
they are therefore subsequently cleaned by eitraction with concentrated
hydrochlorie-acid, washed free of acid, and dried at 100°C, for 24 hours,
giving R.C.1. (50-70 mesh) and R.CeZ. (70-90 mesh): Silica content
99.92% (40.02#%). '

(31)  Silles send, 2 hishegrade silica sand from the 40-foot Upper



Greensand bed a2t Locheline in Argylishire was used. A typical sample
as received contained ea. 99.6-99.7% silica, and ca. 0.2% alumina, with
traces of iron oxide, megnesia, titania, and venediz. Fractions of
the desired psrticle size were preparsd, without grinding, by
sedimentation from water. This gives Lochaline sand dusts (L4AS):
silica content 99.85% (#0.03%). The silica content of the dusts csn
be further emhanced by removel of some of the contzminants by extraction
with concentrated hydrochlorie-ccid. This gives dusts in which the

silica content depends on the degree of zcid trectment.

(111) Fuged smorphous silica. Translucent Vitreosil, & commerelal
product (50), was ground in an 8" Christy-Horris laboratory hammer-mill
and sleved, the 50-70 and 70-90 nmesh B.S. froctions being retained,
These products were cleanmed with concentrated hydrochlorice-acid, washed
free of scid, and dried at 100°C, for 24 hours. This yielded Vitreosil
dusts VIL.1 (50-70 mesh) and VIL.2 (70-90 mesh): silica content 99.8%.

3} Conditions of Solution.

. The amount of gilica dissolved from any dust depends on several
factors, These are:~ | V
(1) The time of comtact of the dust with the liquid phass.
(31)  The specific surface area of the dust.
{i1i) The pH of the soclvent.
(iv) The temperzture.
{v) The nass-to-liquid ratio of the dust and solvest.

In order to meintzin an anslogy with ip wivo comditions, &1l
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solubility experiments were carried out at 37°C. (normsl body
temporature), e pH of the lung fluids ie 7.5, and & bovate baffer of
this pH was used as solvent. | To avoiﬁ conteminztion of the solutions
by dissolved glass Lusté.mid (celiulose aéew*ba) » tubes were used in 211
Bolubili;ty experinents. '

The solid and liquid phases were separated by decantation for the
larger, quick-settling particles, and by filtration through a Ford
Sterimet Grade SB filter pad for the very fine perticles.

The quantitative estimotion of silica in the solution wes carried
out by the ﬁolybdemm blue method. (For details of the method of
analysis and compdsition of the reagents, see Appendix l.).

4) Discussion of Results.

(2) Initial Tests. | -

o The initial tests were in"bended. to confirm Clelland's results (46)
on the ageing of Lochaline sand, The sand used was prepared by
sedimenting twenty times from water and dryiag for 24 hours &t 120%C,
(Las,1). Some of this LAS.1. was trested with conc, HCL until fresh
acid on addition remained colourless. This sand was then washed free
of acid and dried at 120°C. for 24 hours. This geve L&S.1. (E),

Solubility tests were carried out on these dusts at regular
intervals over a period of 40 days. The results are shown compared with
Clellandls in Figs. 1 and 2, and swmarised in Table 1.



.

From Table I end Figs, 1 and 2, it can be seen that the general
shape of the graphs is similar, but that the levels of solubility end
the percentage change in solubility on storage are congiderably
different. This is probebly due to the use of different batches of

gand, and their preparstion by different wms;
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24 hour golution period at 37°C.

Mass:Liould ratio is 4 gm. dusts40 ml. borat
(B 7.5}

LAS, 3. (ﬂj - untreated LAS (Clelland)
LAS.1. = untreated LAS (self)
LAS.3.{E) ~ acid-treated LAS (Clelland)
L&S,1.(E) - acid-trested LaS (self)

Pust Solubility | Solubility |Deecrease |% Decrease
' initially at 40 days.
Bg. 810/ | mg. S0,/

| 100 ml. 100 ml.
LAS. 3. () 0.35 0.2 0.14 8.0
LAS.1. 0.40 0.33 | 0.07 17.5
LAS.3.(R) 0.58 0.33 0.25 43.0
LAS.1.(E) 1.92 1.56 0.36 18.¢

- Percentage reduction =
. Initdal solubility - golubility at 40 days
Initial solubility

% 100

The e@arlmntal error of the method of amalysis is ﬂ (see Appendix 1).
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(b) Adgorption of Atmospheric Gases. (other than water vapour)
Freshly prepared Vitreosil, cuarts, snd Lochsaline send were stored

in stmospheres of (0p, Np, 0z, and zir, and under vacuua, The gaseous
atmospheres were obtained by evacuating the stockebotiles containing
the dusts, attaching to a souree of the gzs, and zllowing the gas to
leak into the evacuated bottle.

The results obtained in thess experiments were very erratic.
Only the results for a bateh of acid-trested Lochazline sand are shown
here (Fig. 3). ‘The grephs of solubility vs. storzge time for each
group showed a decreasing trend.

These expeﬁmnts required the preparstion of very large guantities
of each of the dusts, and the erratic results may be due to lack of
homogeneity of the dusts, caused by unequal distribution of the acid
and wash woter thronghout the bulk of the dusts., This secems to be
borne out by the faet thet in further experimente, in which much
smaller quantities of the duste wers required, faoirly consistent results
were obtained.

D'Bustachio and Brody (51) showed thet, when & series of X-ray

powder photographs of a freshly crushed mineral were taken, successive
photographs showed a progrecsive chenge. Individual spots sharpened,
diffuse portions of powder z'ings disappeared, and the mmber of spots
inereased mrkedly with time. They interpreted this as due to the
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gradual formation of crystallites from s highly stressed surface layer.

The present work aimed st repeating the X-ray diffraction work of
D*¥Bastachic and Brody, in the hops of correlating change in diffraction
pattorn vith change in solubllity as measured in two series of

goncurrent teats.

Quarts and Vitreosll were used in these experiments since they are

su:ojected in preparation to vigorous crushing and grinding.

50—76 meéh B.S. dust (10 g.) (B.C.1. and VIL.l.) wes crushed in a
mechardeal agate mortar for one hour. The averzge particle sige of the
dust thme produced wes & p. A small portion of thie dust wes uced for
the X-rey diffraction studies. The remzinder was used for the
solubllity tests.

Solubility testgi-

For thess tests, a mass:iliquid retio of 1 g. dusti40 =l. borate
uffer was used, and the soclution period was one hour, Tests were
carried cut at intervels over a period of 24 hours. ‘'The results for
the two dusts sre shown in Fig. 4. ‘The solubility of both dusts
decreases, and has reached a steady value by 23 hours. The reduction
in solubility is 17.1% for Vitreosil, znd 9.9% for quarts.

Z-ray diffraction studies,
4 sample of the dust used in the solubdlity tests wss lightly
packed into & 3/16" diameter hole in 2 1/16® metal plzte. The hole
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was backed by a strip of Sellotape, and the sample was cemented in
place with a 10% w/v solution of ethyl cellulose in ether. The plate
was then bolted in place on the Z-ray set, and was mot moved during the

merthemn.

The photographs were back-reflection photorrcphs, teken with copper
radiation, (Kuy = 1.54050 %: Kua = 1.54434 1) and using a nickel filter.
The target to film distance wes 3 cm.  The machine wase operated at
50 Re,- anﬁ 20 ma,  The exposure time wes 15 mimtes and exposures were
nade ‘every 30 mimtes. The sample was not disturbed at all during the

rns,

The photogrephs obtained using quarts dust are shown in Plates 1-5.
The persistence of certain spots throughout all the plates (e.g. the
pair indleated on all the pletes) shows the lack of mechanical
alteration in the sample during the run.

 Bew spots also esppear during the course of the test, and appear on
all gebsequent plates (e.g. the pair marked on Plate 3 which occurs 115
mm'aftar crushing). ‘There is slso an increase Ath time in the
sharpmss or definition of the patterns. Plates 6 amd 7 are enlargements
of the left side of Plates 1 and 5, =nd these changes can be more easily

seen on thenm,

Identical experiments were carried out using the amorphous meterial,
Vitreosil. Ho diffraction patterns were obitained for this dust.
Plates 8and 9 are the photographs obtained a2t 30 mimtes and 23 hours



PLATES 1-3.

Back-refleetion X-ray powder diffraction photographs of quarts.

PLATE X.

quarts 20 minutes after

crushing.
PLATE 2.
. quarts 39 minutes after
crudxing
PIATE 3.

@. quartz 115 sdisites after
crushing



PLATES 4-5.

Back-reflection X-ray powder diffraction photographs of quarts.

PLATE 4.

quartz 232 minutes after
crushing.

PLATE 5.

$u quartz 474 minutes after
crushing.



PLATE 6.

ftolargament of left hand side of Plate 1.

PLATE 7.

Enlargement of left hand side of Plate 5.



PLATE S.

Back-refleetion X-ray powder
photograph of Titreosil
30 Eiimtes after crashing.

PLATE 9.

Back-reflection X-ray powder
photograph of Vitreosil
23 hours after crashing.
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after crushing respectively.

In the diffraction patterns obtained from the quarm many of the
apoté appeared ag double spots. This is most readily seen in the
enlarged photog;raishs, Plates 6 and 7. Thig occurs in 21l the
photogrephs, Similar beck-reflection photographs of other oxides did
not produce this effect, which is not, therefore, due to optical
reflection in the photographic film. It is probably due to deformstion
of the quartz crystal so that one portdon is reflecting at;v a very
s2ightly different angle from the rest.

These alterations in the diffroction pattern of finely ground
quartz can be interpreted in & gimdler menner to these of P'Eustachio
and Brody {51). 1In their experiments on freshly fractured crystelline
materisls, they observed time-dependent changes which were tantamount
to erystallication on the surface. iAo an explanstion they suggested
thoty imnediately o surfece was formed on a walence crystel, &t least
part oi‘v the surface energy is in the fomm of structure irregularity,
and a thin, highly etreséeﬁ, (possibly glassy) layer is formed. This

layer is nnstable and inltiates recrystellisation,

The ebsence of change in the powder photographe for ¥Titreosil may
be ceaused by the lack of cerystalline muclei in the moterial for the

formation of erystelliites.

(a)

v the Dusts.

The decrease in solubility on ageing might also be explained as

followgy=-



The dust surfaces are sctivated by crushing {polishing), or.by
acid trestment (vhich removes snmy impurities which may be present in the
surface, leaving active centres), or both, The activated surfaces
adsorb a large quantity of water from the wash liquids to form silicie
acid. On standing :Ln the atmosphere, the adsorbed weter is graduslly
lost until én eruilibrive with the molzture in the atmosphere is
reached. This would iﬁvclve dehydration of the -wface silicic acld,
and would result in o decresse in solubility. If the humdity of the
storage atmosphere is very wariable, this might lead to erratic
solubility walues.

The folloving experimente were degigned to investigete the effect
of the humidity of the stomge atmogphere on the ageoing of siliceous
dusta. Fm&hiy prepared, acid-extractod Lochaline sand was used in
these tests, The matural Lochaline send comtains impurities, and on
acid trectment may be expected to yield more Pactiwated siies" for the
adsoiption of water than Vitreosil or quartz. Any theory épplicable
to Lochsline sand should also be applicable to Vitreosil and c;uartrz; _

Iocheline sand was sedimented from weter until all the fime meterial
had been removed. The dust wﬁs then treated with concentrated
hydrochlorie acid, until addition of fresh acid produced no further
discoloration. It wes then washed free of acid and dried for 24 hours
at 120°C, This weg then ‘.weighed out in 4 g. lots into Imstercid tubes,
and redried for 1 hour st A0°C, under wacuuwn. The tubeg were then

divided into three groups, znd stored as underi=
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Group 1. = Phogphorus pentoxide desiceator.

Group 1l. = Desiccator conteining o saturated solution of ammoni

chloride (over solid amvonium chloride) giving &
relative bumidity of 78% ot room temperature.
Group 11l. - In lightly stoppored tubes.

Solubility tects were carried cuit on these dusts at weekly
intervals over a period of eight weeks. The messiliquid retio was

4 ge H0z:40 ml. borate buffer, with a solution pericd of 48 hours,
The results are ghown in Fig. 5.

The follovwing obcervations were madet-

(8) The order of solubility level was the reverse of that
expected; i.c. the dust stored in the atmosphere of 78% relative
humidity hed the lowest solubility walues, and thet sbtored under the
driest conditions the highest. |

The dehydration of silicic acid would leave silice in an amorphous
form, which has a higher solubility than the erystaliine. The greater
dehydretion of the dust in the lower humidity stmosphere would leave

more amorphous silica, and give a higher solubility.

() The experimentsl resulis for the dust stored in the most

humid atmosphere were more consistent than those for the other dusts.

(¢) ‘Mme gredient of the greph of solubility ys. time for the

dust stored in the most bumid atwogphere wae grecter then the gradients
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of the other two, over the initial period. There %5 less difference
between the humidity of this desicentor and the wet ccnditions of
preparation of the dusts than in the other two csses.

The gréph of solubility vs. age of Lochaline send (Fig, 4) has
logarithmic charscteristics, the solubility at zero time tending to
infinity. It appears, therefore, that the method preparation of the
dust produces in it 2 temporary condition in which it has e high
solubility. The slow reversion of the dust to & form which has a

lover solubility produces the apeing effect.

To investigate this, the following experiments were carried ocutie

Twp‘ batches of Lochaline sand were prepared:-

ml. Lochaline sand wes sedimented twenty times i‘roza water,
anﬂ dried for twenty-four hours =zt 120°C,

LAS.1.(E). ~ Lochaline sand was sedimented twenty times from water,
It was then extracted with concentrated hydrochloric acid until the
addition of fresh acid produced no further colour. It wes washed free
of acld, and dried at 120°C, for twenty-four hours.

These cduste weré &limmd to age in the atmosphére for forty days.
Solubility tests were carried out at weekly intervels. The dust
remeining after forty days was separated into hetches for *reprepzration”
(i.e. retreatment with acid, rewashing, and drying) thus:=

45,1, ~ The nmsed LAS,1. was cdivided intc two lots, onc of which.
was washed and dried, giving LAS.1(A4), znd the other dried only, giving
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LAS.1(B).

145.1.(E). - The umsed LAS.1.(E) was divided imto three betches
and retreated, giving the following dustste | ”

L48.1. (E)A. - retrezted with concenmtrated hydroehloric scld, washed
dried.

LAS.1.(E)B. - washed and dried.

L&S.L. (E)C. = dried only.

The solubility itests were then contimied with these dusts, The
regults are shown in Fig, 6 and 7. ‘

The solubilities of the dusts after this "repreperstion® were in
the following orderi~ |

LAS,1(B) < Las.1{a).

LAS.1.(E)A / L&8.1.(E)c L LAS.1.(E)B.

If the factor which czuges the decresse in solubility on ageing
(or perhaps more amccurastely & temporary incresse in solubility which
decresses to a true velue) had been introduced in the preparatory
processes, it would be expected that the "repreparetion® of the dusts
would cange 2 further ageing effect, ‘This was not the cage. The
gradients of the graphs showed no change after the “repreparstion®

PTOCess,

(!) The Effect of Abgorption of Atwospheric Cerbon Dioxide by the

Solvent.
Bolt (52) ond Holt snd Briscoe (53) have shown that earbon dioxide
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has a marked effect on the solubility of cements and industrial
silicecus dusts. They reached the following conclusionst—

(1)  Coleium silicate is decomposed by carbon dioxide, resulting
in an incresse in the silica which passes into solution.

(41) Carbon dioxide reduces the solubility of lime-free flint.

(431} Calcium carbonate increases the solubility of flimt.

The solvent for all solubility experiments carried out in this work

is borate buffer (pH = 7.5) which is prepered in large quantities
(20 1itres). Thisc is storsed in an aspirator where it may absorb some
carbon dioxide from the atmosphere. This would effeet the results of
solubility experiments.

To test this idea, carbon dioxide (from Drikold) was bubbled through
some freshly prepared borate tuffer solution for two hours. After
90 mimites, the pH had fallen from 7.5 %o 5.6 Solubility testa were
carried out on quartz and Lochaline sand using this buffer and a
freshly prepared solution. The results are shown in Teble II.

The results show that the absorpiion of carbon dioxide by the
borate buffer leads to s decrease in solubility of these dusts. This
decreese in solubility with decrease in pH of the solvent is in agree-
ment with the results shown in Fig, 8.

The solvents used by other workers in the silicosie research
field are aleo susceptible to the effect of carbon dioxide. Xitto and
Patterson (48), for exsmple, used unbuffered solutions of sodimm
carbonate in their work. They themselves demonstrated that, owing to
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absorption of carbon dioxide, the pH of their solvents dropped from

11 to 9 in two days. Further, they used milky quartz, the "milkiness®
of which Edge (44) has shown to be due to carbon dioxide inclusions.
The release of these carbon dioxide lmclusions into the solvent by the
ursting of & porticle wall, previously untouched by crushing, tut
weakened by dissolution of silice from it, could result in further

interference in solubility tests.

Briseoe end his co-workers (38) used woter as & solvent. King
(25) 4n his work used sseitic fiuld (i.e. lunz fluids). Thege may also

be susceptible to the effect of sbgorption of stmospheric carbon dioxide,

The absorption of cerbon dioxide by the sclvent mey be one of the
factors causing the (in this czse apperent) decresse in solubllity of
giliceous dusts on ageing. In this case, however, it is the solvent

which is changing snd not the dust.

In view of Edge's iéentii’ication of the inclusions in "millcy”
quarts as liquid carbon dioxide (44), and of the high cerbon dioxide
eontent of the lungs, it is possible that carbon dicxide mey play an
fmportant part in the mechanism of silicosis. B



The effect of absorption of €Oy by the solvent on the
solubdlity of silicecus dusts.

4 g SiOg/40 ml, borate buffer. 24 hour solution period.

Solubility  (mg. Si0a/100 ml.)

Borate buffer 0.245 0,495
Borate tuffer + COy 0.184 0.230
L”f%’mtage decrease 25 50
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The pmbim of the alteration of the properdies of querts crystals
on ageing is also encountered in the field of electronics, where it is
found that there 1g & wariaiion in the frecuency and activity of quarts
ogcillator crystale over a period of time. The amount of ageing is
determined by the method of finishing the erystals. The ageing has
been explained thus (54):~

*Lapping produces a digtrubed loyer from which some paerticles
brwh mmy completely., Some cracking also occurs which does not
result in_break»c}fi‘ of partdcles. The remlt ic a surfece with a
large mamler of cracks giving & mon-homogenous layer. Vhen this layer
ig axpama to moisture, a weathering action takeg place. Huch of the
material céntig&cus to the eracks fells off, and the frequency of the

crys*ﬁal rises'.

Keﬁmﬁa for preventing or reducing the ageing of quariz crystals
for electronic work are as follows {54y 55)t=
(1) Scrubbing with a brush snd sosp and weter (removes much of the
easily weathersble material). |
(2) | Ftehing with hydrofluorie acid (removes the distmrbed 1ayar);
(3) Bounting the crystals in a moisture free atmosphere.
(4) TFirst, rough adjustment to their appro?:imtav frequencies, and then
hect-ageing in en oven which sﬁbjac:ts them to sewveral heating-cooling
cyeles between 240°F, and 75°F. The units are then mounted in cages
and agaih aged. |



The fzet thet the crystal can be stabilirsed by a heating-cooling
cycle suggests thot in the ageing process some change in the nature
of the surface is involved, the henting-cooling cyele resuliing in a
steble erystalline form in the gurface materiel,

1f the exposure of the 50~70 mesh dugbts used in the experiments
resulted in the bresk-off of fine moterisl, these fines would be
carried coff in suspension in the wash woter of the aeid. This, in
addition to the removal of impurities by ecld treztment, would provide

factive® surfaces for the adsorption of water.

The factors given for the ageing of quarts crystsls in electronic
work are, thersiore, in agreement with those which this work has
- gupgested as cousing the decresse in solubility of siliceous dusts

on ageing.

Conclusions,.

On the basis of these remilis, the reduction in solubiliiy of
siliceous dusts on ageing mey be vimualised 2 the combined effect of
a minber of fzetors, their relative importsnce verying according to the
characteristics (particle size, degree of purity, cie.) of the meterial.

These factors sre as follows:-

(1) A change in the nature of the surface of the dusts from a
highly vitreous to a lesc vitreous state. Thls factor is of lmportence
for very fipe dusis, but iz of less imporiance for (sey) 50-70 mesh

dncts.



(2) ‘e effect of moisture zdsorbed at the surface of the
dusts and the humidity of the atmosphere. The factor is of

jmportence in gll cases.

(3) The absorption of carbon dioxide by the solvemt. This
pmmaé an gpparent ageing effect. The decrease in solubility is
not due to any change in the dusts, ut to deterioration of the
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(a) Introduction. |

In the course of research in the field of silicosis, silica has
been shown to have seversl unique biologicsl properties (see
Introduction). Silicz has also beon shown by Clelland (46) to
pogssess some peculiar solubllity and sorption characteristice. He
demonstrated the existence of & *high-solubility layer® on the sarface
of giliceous dusts, and correlated this layer with (a) the presence of
a disturbed layer on the surfazce of the dust produced by grinmding, and
(v) the neture of the pretreatment carried cut on the dusts., This
layer mé elso shown to effect the amount of adsorption of basie
dyectuffs by the dusts. The layer can be removed from ouertz end
Titreosil éu&ts by etching with 40% hydrofluorie acid.

Since no other meterial has been shown to possess these properties,
it was decided to compare them with the corresponding properties of
anslogons materials. Titanium oxide (T40,) was chosen for this purpose.
Both titanium and silicon belong to Group 4 of the périoﬁic
clacsification, tl’cam.um folloving gilicon in the group. They might
thus be expected to show similar properties.

M tapive oxide ig of interest algo in that no cases of

pneumpconiosis have been reported amongst workers handling the
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material in the very fine and very pure form in which it is used &as a
pigment (56).

The es:zence of the émblexa was to shov wherein the properties of
$itaniun dioxide and silicon dioxide differ and where they are similsr,

so that some further evidence might be guined as to the nsture of the

fibrogenic action of silica.

Both oxides ocour in mature; silice abundantly as quarts, flint,
and sand; titenium oxide less alindantly, but widely distributed as
mtile, brockite, and anstase.

Titanium oxide is en amphoteric oxide; silica is & weakly acidic
oxide, |

The orystal structures of quartz and rutile (the titenium oxide
chosen for this work) also differ. Quartz occurs in hexsgonsl prisms
(trigonal system) terminsting in hexngomel pyremids., Tutile is of the
tetragonsl erystal system.

To make this compzrison the following properties of the dusts have
been investigated:-

(1) Te veriation in solubility with pH of the solvent.

(i1) 1The effect of tmeatment with hydrochlorie and hydrofluoric

neida,
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(434) 'me existence of & "high~solubilify layer® on rutile dusts.
{iv) ‘The adsorption of dyestuffs by mutile and the effeet of
acid trestment upon this adgorption.

It was not possible o obtein noturel rutile of high purity in
sufficient quantitiss for this work. However, a crude rutile was
obtained as severzl large {1"-2") lumps which were crushed in an &%
Caristy-Horris lsboratory hemmer mill, and then greded by pessing through
screens. The particle-size distribution of the maierial thus obtained
was vory uneven, there being much large materisl and much very fine,
but little of the 70-90 mesh B.S, fraction. The fractions 9-50 and
50-90 mesh B.S. were used in subsequent work. ‘The average particle
size of these dusts (caleulated from the formuls £ (nd)/£ n) was found
uging a mieroscops with a cslibrated graticule, They were 589 u and
359 p respectively.

The dusts, which were smalysed by Hagmeier's method (57), wers

found to contein 83.3% T0p. The belence was silica and iron oxides.

Thege dusts were weshed with distilled water to remove any adherent
fines and dried at 1209C, for 24 hours. This gave rutile dustse R.1
(9-50 mesh B.S.) and R.2 {50-90 mesh B.S.)

A portion of each of these ducte was trected with concentroted
hydrochloric acid until addition of fresh acid produced mo further
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diseoloration. The dusts were then wadhed free of acid and dried at
1209C. for 24 hours, giving rutile dusts R.1(A) and R.2(A) respectively.

Farther portions of duste Rl and B.2 were treated with 40%

Fluorie acid for five mimutes., The dusts wers then washed free

of acid and dried =t 120°C. for 24 hourg. Thals geve rutile dusts
R.1(B) and R.2(B) respectively.

An amorphous dust (T.1) from titenium oxide (58) was also used.
This dust "balled up® on storage in & jar, owing to moisture, tut on
suspension in an aqueous wmedium it gave a dust of average particle

gize less then 5 P

(11) Estimation of Titanium in Solution.

A rapid method for estimating small quantities of titenium in
solution was required for this work. A colorimetric method was the
olwious choice. Among the reagents considered for this purpose were:=—
salicylic acid (59), gellic acid (60), and chromotropie acid (61).
Host of these substances are unsteble in solution. The number of
interfering ions in each case is relatively large. Nome of these
resgents has, therefore, been extensively used in the estimation of
i taninm.

e oldest known method of estimating titenium 1s thet using
hydrogen p&réxiéa (62). With 2 solution of titanium sulphete, hydrogen
peroxide produces & yellow colour (said to be due to pertitanic aeid).
Vith smell amounts of titenium the cololir is proportionsl to the amount
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present. The lover limit for the accurste use of this method is
1.5 mg. Ti05/100 mg., and there are apgain several interfering ions.

The method eventually decided wpon was ﬂm‘b of Yoe and Armstrong
(63) using the resgent sodium 1»:2ﬁdih:y'diowbenzem»3:5~dimlphomte
(Tiron) {CeHa(OH)o(S0,088) 5.0 0) adapted to sult the requirements of
this work, The reagent is sensitive to 1 part in 10%  The #int and
intensity of colour remsin constanmt over the pH range 4.3-9.6 and

Beerts Law is obeyed over the useful range of concentration.

| Farric ion interferes, giving 2 red colour in alkali and blue il
acid solution. This latter colour can be bleached vith sodium
dithiomite at pH 5. (Tiron can be used for the determination of irom).
Cidising ag;anm iﬁtérfer'e; Certain other igns consume the reagent
end cause diminution in the titanium colour. This interfersnce can be
overcome in the solutions used for.azxély‘ais by using a l&rgs excess of
the reagent. | |

(141) Preparation of Reagents.
e following reagent solutions were used:=-

A, Stendard Titepinm Solution. Potassium titanium oxalate
. {4e5 g.) vas placed in a Kjeldahl flask to which was added A.R.
ammonium sulphate (8 g.) end concentrated sulphuric acid
{150 ml.). 'Hae mixture wes boiled, at first gently and then
briskly for ten mimutes, to remove the ozelic aeid fémsd. |
The solution was cooled, diluted with distilled water, [iltered,
and made up to 1 litre with distillod weter. The titanium



oxide in this solution was estimated gravimetrically by
precipitation with ammonia, ignition to TiOp, and welghing

. as mwch, The solution was then diluted with 0.5 M HgS04 to
give & solution conteining /4 mg. Ti0p/litre.

B. Acetate Buffer Solution. 500 ml. molar acetic acid (60 g.
scetic acid = 57.2 ml. glacial acetic acid/litre) is mixzed
with 500 ml, molar sodium acetate (82 g. anhydrous sodium
acetate/litre).

€. Tiron Soluﬁ.cn. Sodiun 1:2-dihydroxybenzene~3:5~-disulphonate

{4 &) is desolved in 100 ml. distilled water, Tue reagent
‘golution is only steble for spproximetely 10 deys, when it
becomes yellow and mast be disearded,

D. JN Awonie Solution. 213 ml. smmonia solution (S.G. 0.28)
is diluted to 1 litre with distilled water.

B, 0.5M Sulphuric fcid. 28 ml. sulphuric acid (S.G. 1.84) is
added to distilled water and made up to 1 litre.

{1v) Procedure for Estimstion of Titsnium.

To 10 ml. of unknown Ti0, solution is added 2 ml. of reagent
soltition, Tae pH of this mixture is adjusted to 4.6 by the addition
of 3§ ammonia solution. (The volume of ammonla required for this was
determined previougly by potentiomotrie titration. For 10 ml. of
the 0.5M sulphuric acid the volume of 3N ammomia required was 2.8 ml.)

5 ml. of the acetate buffer solution is edded, and the volume made up
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to 20 md. with distilled vater. The yellow colour develops immediately,
and the optical density of the solution is measured at & wovelength of
410 p using an Unlcaw S.P. 500 photo-electric spectrophotometer.

The presence of ferric iron in ﬂaesé solutions Iii'ochzces a blue
colour which can be bleached by the addition of a very small quantity
of sodium dithionite. Sodium dithionite is unstable under these
conditions, gradually decomposing to give a precipitate of sulphur;
hence, when this reagent is used, the egtimation should be carried cut
within 15 mimites of its addition,

(v)

& calibretion curve for the Unicam S5.P. 500 spectrophotometer wes
obtained using knowvn dilutioms of the standard titenium solution A in
0.5M Hy804, and carrying out the estimation as described above.

(vi) Acourecy.

Preliﬁmry light absorption experiments with an EEL colorimeter
ghowed that there wes mo filtér which i&mzlﬁ glve a macﬁng én the
accurate part of the logarithamic scale of this instrument when low
concentrations of titanium oxide were being estimated.

_ma licht absorption was therefore measured using the Unleam 8.P.
500 spectrophotometer with which the wevelength of the light beam can
be adjusted to that giving meximm absorption {410 m for the titanium
complex). Using this instrument the accuracy was #2%.

3.  Discussion of Results.
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Ratdle dust R.2 and dust T.1 were used in this work. - Aeid sclutions
to cover the pH range 0-7 were obtained by diluting the 0.,5M HpS04
solution B, 25 ml. of 0.58 HpS0, were diluted to 100 ml. with

distilled woter. Succeszive dilutions guve solutions of inereasing pH.

The pH of these solutions were méasured. Since the Ti0Q, must be
estimated in solution at pH 4.6, the amount ofﬂ 3N ammonie solution
required to bring these solutions to this pH was determined by
potentiomeiric titrations For zcid sclutions less than 0.05M the
addition of 5 ml. of acetate Wuffer solution B was suffieient to bring
the solutions to this pH.

Molar caustic soda solution was made up., Dilution of this
provided a series of solutions covering the alkali side of the pH poale.
The amount of 3N H,5804 recuired to bring the pH of these solutions to
446 was 8lso determined,

For the dust T.1 the mass-to-liquid ratio was 0.k g Ti02/40 ul.
golvent, and the solution period wes 48 hours at 37°C.; for the dust
R.1 the mass-to-liquid ratioc was 1 g. Ti0,/50 ml. solvent, end the

solution period was 24 hours at 37°9C.

At the end of the sclution period the liquids were decanted and
filtered throuch Ford Sterimet filter pads (Grade SB). VWith the
solutions of extreme pH (ca. 1 and 13) the firct few drops to pass

through the pads were dlscoloured yellow, indicating thet something had
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been extracted from the filter pad. These first few drops wvere
consequently discarded and the estimations carried out on the clear
filtrates.

The results of these tests are shown in Fig, 8 slong with &
similar curve for quartz (64).

From these results it can be seen that the general shape of the
greavhs is similar. Each‘ graph shows a minlmum, that for quartz being
gherp and occurring st pH 3, while those for the titanium dusts are
flat and cover the pH range ge.3-12. The solubilities at the minimum
ere also different. The quarts has 2 solubility of 2.2 mg. Si0p/litre
ot the minimim, while titanium oxide has negligible solubility in both
cases. The solubility velues camnotl strictly be compared since the
mass~towliquid retios and particle size distributions (i.e. the surface
area of the dust in comtact with the solverd) are not identicel.
ﬁmrwer, a solubility value of 1.67 mg. Si0,/100 ml, hes been obtained
at pH 7.5 for o fine marts dust of similar particle size to dust T.1.
Under identicel experimentel conditions the solubility of T.1 at pH 7.5
was too amsll to be detected by the method used.

This indicates thatiitenium oxide bas negligible solubility at the
pE of the lung fluids.

It was decided to carry out the remsining solubility tests in an

acid medium.
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(44) The Effect of Acid-treatment on the Solubility of Putile.
Rutile dusts R.1, R.1{A), and R.1(B) were used,

The results of these tests are shown in Table III along with
similar figures (1) for quaertz and (ii) for quartz which had been
etched with 40% hydrofluoric scid to remove the "high-golubility layer”.

For the rutile Qusts e mass-to-liquid ratio of 1 g. Ti0,/50 ml,
0.58 HaS04 was used with a solution perlod of 48 hours at 37°C.

For the quartz dust & mass~ta«1§.q%zid rotio of 4 g. Si0a/40 mi..
borate affer was used with a soiu‘hion period of 48 hours at 37°C.

From these resulis it can be seen that whereas ‘treatmnt of
guarts with hydrofluoric acid resulis in' 2z decresse in solubility,
due to the removel of the "highwsolubility" surface layer, similar
treatment of rutile with hydrofiuoric acid produces an almosd equal
increase in solubility. This is probebly due to 2n increase in the
parity of the material through removal of impurities by the acid.

Increasing the purity of the rutile by acid extraction would
provide a grec,,ter sarface area for solubility, This surface would be
new and fresh snd might be more soluble than the old surface., Further,
the removal of impurities would eliminate any depmsasﬁnt effect of the
type occurring when silica is "diluted® with aluminium and alumina (26).



and Guarts Dusts.
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Ratile dusts R.l, R.1{4), snd R,1(B) were used in these tests.
To determine whether there is & "hish-solubility" surface layer on

rutdile, "extractive® sclubility bests were carried out.

0.5 go of each dust was agiteted for 24 hours ot 37°C. with 25 ml.
of 0.5M HpS0, (pH 0.4). At the end of the first solution period, the
solvent was cerefully deecanted from the dust. The dust was then
woghed with distilled water followed by 0.5H HpiOk. 25 ml. of fresh
gsolvent were then added tc the dust and the test contimied, This
procedure was repeated regulerly for «ll three dusts over a period of

twenty days.

The results are shown in Fig,9. Results from similar experiments
with querts teken from other work (65) by the writer are shown in Mg,
30,

Prom Fig, 9 it 15 scen that under these experimentel conditions,
the amount of titanium oxide dissolved is directly proportiomel to the
time of coptact with the solvent which (Fig. 10) is not the case with
quarts vntil the "high-solubility® layer has been removed.

After twenty days the cumuletive concentration of titenium oxide
in the solvent wes 45 mg. Ti0z/litre, while that for quartz was 15 mg,
8i05/11itre,

If, therefore, & high-solubility layer is present on the surface
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of the rutile, it must either be very much thicker than that on cuarts,
- or much thimner than detectable by these experiments.

(131) (b) Solubility vs. ,
The Ti0, dust T.1 wes used, and the solvent wes ca. 0.1N H, 50,

(pH 1.2). A mess-to-ligmid ratio of 0.4 g Ti0,/40 ml. O.1N H,S0, was

& series of tubes each containing 0.4 g. TiOp and 25 ml. 0.1N H,S0,
wore contimiously agitated in an air thermostct at 37°C. Tubes were
removed at regulsr intervals, and the solvent filterved through a
thatman Ro.542 filter paper. The smount of titanium oxide in the

solvent wes then estimated.

A gimiler series of tests was carried out using & fine quartz dusd
vith 2 borzte buffer solvent (pH 7.5), the silica in solution being
estimated by the molybdemum blue method.

The resulis of these tests are shown in Fig. 1l. It isg seen that
the solubility of the quartz goes steadily towards a max:lm value,
vhereas the titamium oxide solubility reaches & maximum value (at zbout

24 hourg) and then decrezses.

The experiment was repeated several times, end the results
reproduced in every éase, a deerecse of about 20% of the pesk value being
obtained in the 66 houfs after the highest velue had been reached. This
result moy be explained (66) by the fact that a very fine powder exhibits
& tendency to zcguire a susller surface (i.e. 2 larger particle size),
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the process being sccomplished by the dissolution of the small~sized
particles and their reerystellisation (from a solution which had
achieved supersaturation) on the surface of the larger particles,

| Alternetively, the undissolved solid may be regarded as a
precipitate, Vhen the solution attains some degree of supersaturation,
further erystellisation will occur.

Over the 90 hours of the experiment, the quartz solutions had not
reached saturation, and there was therefore no opportunity for this

reprecipitotion to oceur,

To study adsorption by the dusts it was decided o use dyestulfs
as the adsorbate since small amounts of these materials in solution can
be readily estimated colorimetrically.

‘n;e‘ rosulis used for the adsorpiion of dyestuffs by siliceous
dusts are teken from the work of Gibb (67).

(13) Meterials.
The rutile dusts used in this section of the work were R.2, R.2(4),
and R.2(B). The aversge particle size of these dusts is 359 m.

(4i31) Inpvestigt: ;
The nmethod of investigating the adsorption of the different dyes

was as follows:-




Solutions of different types of dyes were made up in weter and
diluted to give a reading on the most aceurate portion of the EEL
colorimeter scale, appropriate filters being used. 20 ml. of the dye
soluﬁans vere added to Lusteroid tubes each conte:

ning 1 g. of dust R.2.
The sealed tubes vére contimicusly egitated for 1 hour, ag were a series
of tubes each conteiming 20 ml. of dye omly. The imtemsity of the
colours of the two sets of dye solutions (in and out of conmtect with the
dust) were then estimeted to determine whether adsorption had teken

place.

The results of these qualitative tests are showm in Table IV,
Trom the table 1t is sgeen that only besic dyes are adsorba&, and that
this is also true for silica dust. Gibb (67) used Lochaline sand in
his ﬁeats.,

The bagic dye methylene biue ilonises in solutioni-
CagHsgl3SCl 5= CyqflsaNaS'+ G17

The colour of a basic dye is cormected with the positively charged
part of the molecule, This would seem to indicste that the adsorption
is ionic, the dye being attracted to the dust surfaces by virtue of its
positive charge in solution. Gibb (67) demonstrated that this was so,
the particles of silica being negatively charged in aquecus suspension,

This experiment (vhich is similsr to that deseribed by Findlay (48)
for demonstreting the electrophoresis of colloldal suspensoid sols) was
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repeated with titanium oxide &s followst

A suspension of fine titanium oxide dust T.l. in water was mede
up. ‘This suspension was placed in a U-tube which wes fitted with copper
electrodes, the suspension covering sbout 1/4* of the electrode, The
¥ube wae clamped in a position which was free from vibration and 2 direct
current of 240 volts applied across the electrodes. After 30 mimtes
a migration of the dust particles wes observed, the dust being repelled
from the negetive electrodé.. This shows that the titaenivm oxide dust

is nepatively charged in water suspencion.

Froa these resulis it was concluded:-
1) Both silica and titanium oxide adsorb besic dyestuffs.
2) Silics and titenium oxide particles in water suspension are
| negatively charged.
3) ‘The adsorption of besic dyes is due to ionic attrzction of the
positively charged dye ion by the oppositely charged surface.
4) Both silica and titanium oxide will adsorb other ionic materials

which give rise to & positively cherged ion in solution.

he dye used in the following quantitative tests was of B.P,

guzlity. Toe Britlsh Pharacoposia specifies its purity thas:~
As « Bot more than 10 p.p.m.
b3+ =  Hot more than 50 p.p.m.
7n - ‘This metal should be absent, and a



63.

. semsitive test iz specified for it.
Glsaasﬁgsm - ¥Bot less than 50‘;73.

The percentage of CygH,gNsCl8 in the dye used wag estimated
volumetrieslly by reducing an acid solution of the dye with standard
%i*banmis chloride solution and estimsting the excess titanous chloride
by titration with 0.1 ferric amionium sulpbate, wing 105 ammonium thio
cyanate solution as indicator. The vhole estimation was carried out in
an atmosphere of carbon dioxide. The ﬁathylene Blue dym was found to
contein 83% CygH;aN.SCL.

(12) Colibration of the Colorimeber.

| The Methylene Blue solution for the adsorpition experiments wes
prepered by dissolving a weighed amount of the dye (3.1 mg.) in water
and diluting to one litre.

This sclution gave a suiteble resding on the scele of the EEL
colér:imétar using a red filter Iiford No.608, From this solution 10 ml.
quentities of known comcentration were prepared (taking account of the
fact that the purity of the dye was 83%) and these were used to calibrate
the instrument. A4 straight line was cbtained for the graph v@f
solorimeter reading vs. dye concentration (mg./1.).

To obtain adsorption figures in g.-moles, the following mmmm
vag made:- ' '
B From the calibration curve,
20 colorineter divisions = 1.3 mg./l.
1 colorimeter division = 0.065 mg./l.



To reduce one litre hy one colorimeter division reguires the

adgorption of 0.065 mg. of Methylene Blue,

To reduce 10 ml. by ome colorimeter division requires the
adgorption of 0.00065 mg., of Methylene Blue.

The molecular weight of Methylene Blue is 319.9.
How, 0.00065 mg, = 0.00000065 g.

= 0.00000065
319.9

= 2,02 x 107? g.-moles.

g.~moles

To convert & fall in colorimeter reéading due to adsorption o
ge~moies of Methylene Blue adsorbed, it is therefore necessary to
mlt:.ply the difference in readings before and after adsorption by
2,2 x 1079,

7 colorimeter tubes wore carefully cleaned znd dried. Two 1 g
lots each of R.2, R.2(4), and R.2(B) were weighed into the tubes, the
empty one being required as & blamk. A stop-clock wes started, 10 ml.
of dye solution run into each tube, and the tubes stoppered with waxed

corks. At moted times readings were taken on the colorimeter for each
| tube until no further adsorption appeared to be teking place., The
tubes were shaken regularly between the reacings to ensure intimate

mixing of the dust and the solution.

The results of these btests zre shown in Fig. 12. Fig. 13 shows
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the adsorpiion of Methylene Blue by gquartz dust with end without the
*high=solubility® layer,

From these figures it can be seen that, over a period of 90 mimites,
untreated rutile adsorbes four times as much dye as quarts, and
hydrochloric-acid-treated dust adsorbs three times as much dye as cuarts.

These results are compored on & weight basis. The avers;e particle
gize of the rutile dusts is g:rmxta? than that of the quartz dust used
by Gibb (67). Their specific surface, therefore, is less, and
adsorption figures compared on a gpecifie surfuce hasis would show sn

gven greater difference.

The adsorption of Hethylene Blue by the hsﬂmflmr:!;ca-acid-tmated
austs 1s very emall. This is said to be due, in the ease of quarts, to
the removal of an amorphous surface layer. 1t could also be due, as
saggested by Gibb {6’7) » to repulsion of the gositiv-ely charged dye ions
by hydrogen ions adsorbed on the surface of the dust, and this is
probably the reason for the slight adsorption of Methylene Dlue by dust
R.2(B).

The maximm sdsorption for quertz (19 x 10™® g,~moles) is reached
after 10 mimtes, while that for rutile (90 x 10™® g.-moles) is not
reached until the dust and the dye have been in contact for about one

hour,

(1v) The adsorption of Methylone Blue by Fipe Tianium Oxide.

Eﬁxe»aésorption of Methylene Blue by rutlle mey be due to the iron



oxides and silicates present. It was decided, thersfore, to
investigate this by exemining the adsorption of the dye by pure titanium
oxides This was only avsiloble in the form of the very fine amorphous
dust T.1 which did not settle out from a suspsnsion in dye solution
under gravity. The ac}sorptidh procedure wis accordingly modified:
Titanium oxide (0.25 g.) wos weighed out into seversl clean, dry
colorimeter tubes. A stop~clock was started, 10 ml. of Methylens Blue
solution (3.1 mg./1.) Tun into ezch tube, and the tubes sesled with
wvaxed corks. The tubes were shaken regularly to ensure sn even
suspension of the dust in the dye solution. To determine the
adsorption at any time, a smsll cusntity of aluminium gulphete (4.R.)
vas added to o tube which was then centrifuged for 15 mimites at
3000 r.p.m  (Cemtrifuging slone did not break down the suspension
completely, and the aluminfum sulphzte was required as & cosgwlant.)
The liguid wes then trznsferred to a clean colorimeter tube snd compared
with 10 ml. of the aﬁginal dye solution to which aluminfum sulphste had
been added. An EEL colorvimeter with & red filter (Ilford No.608) was

uséd as pmﬁnu&ly.

The adsorption was measured at regular intervals, the time being
taken ag the time at the start of the centrifuging.  The results are

ghown in Fig, 4.

These Tesults show that Methylene Blue is adsorbed by fimely ground
titaniun oxide to the extent of 24 z 10™® g.-moles in 24 hours, and that
the adsorption figures obtainmed using the natural dusts R.2, R.2(4), and
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Ra2(B}, although they may be modified by impurities, are mot altogether
due to them, i.e. titanium oxide does, in itself, sdsorb basie dye-
sghuffs to a considerable extent.

{(¢) e Adsorption of Halachite Green.

o Rutile édaorbs much more ﬁethylene Blue than does quarts, ami Hit
was decided to repee,t“bhe adsorption experiments using Iﬁalamit.é Green,
a bagic dye of ﬁ:ie triphenylmethane type, to see if this much grester
adsorption was again obtained.

{1) Zetimetion of the Purity of the Melachite Green.

The dye used was-of technical quality., The purity of the . .
material was found by titration of a solution of the dye at boiling
point with standard titanous chloride golution in presenpe of Bochelle
salt in an atmosphere of carbon dicxide., The end point is reached
vhen the colour of the dye remains destroyed for more than 3 mnimites.

By this method the purity of the dye was found to be 88%,

(11) Calibration of the Golorimeter.
The EEL wlaﬁmeter was calibrated against knowm solutions of the
adsorbate as in the Methylene Hlue experiments. A red filter (Ilford
No.205) was used for this dye.

The ealibrétion graph wss & curve, not a straight line.
T fferences in colorimeter resdings could not, therefors, be direestly
converted to adsorption in g.~moles. The concentration of dye in the
selntion corresponding to the colorimeter reading for the tube with mo
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dust was obtained from the calibration curve, as wes the concentration
of the dye in the tubes containing dust. The difference in these is
the adsorption in mg. dye from one litre of solution., From this the
adgorption from 10 ml. was calculated, and the adsorpticn in g.~moles
obtained by dividing thes adsorption in‘gmms by the molecwlar weight of
the dyestuff (350.5). |

(411) sdsorpiion Procedure.
The adsorption procedure was the same as that for Methylene Blue.
The dusts R.2, R.2{4), and R.2(B) were used.

‘The results are shown in Fig. 15. 'The results for the adsorption
of Mslachite Green by quarts are shown in Fig. 16, and are tsken from
the work of Gibb (67)e No measureable sdsorption was obtained for
Halachite Green on etched quartiz.

Again, more dye Is adsorbed by rutile than quarts - twice as much
in this case, Over a period of 9C mimtes 1'ﬂ.1tile adsorbed 140 x 10~
gemmoles of Malachite Green and did mot appear to bawe reached the
maximm, while over the same period quartz had adsorhed 70 x 10°® g .moles
(2 steady value).

5. General Discussion of Regults.
(1) Solubility ys. pH.
The grephs of solubility ¥s. pH for rutdle and qaam are similar

in ghepe, At pH 7.5, the pH of the lung finids, the sulut.ility of
rutile ic too small to be detected by the amelyticel methods available,
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Qustbs hed 2 solubdlity of the order of 1 mg./li}o ml. nndar the same
emﬂiﬁona. This shows that the solubility of titanium oxide dust in
lung ‘fluids 1s negligible. If ¢ solution of titsnium oxide in the
lungs is fibrogeniec, it would probably teke longer than the average
working iifez for the comcentrution to reach dangerous pruportions in

the lungs.

(ii} The existence of gz "High-Solubility Layer® on Butile.

The solubility tests ecarried out give no indicatlon of the

sxistence of such & layer on rutile. The faet thet ;;ra:;’sment of the
dusts with hydreflucric acld resulis in 2 considercble decrease in the
&&mﬁpﬁon of basic dyestuffs by both gquarts end rutile, which treatment
is kmm to remove the “higistolubility layer® from quartsz, is not
M&enée of the gxistence of such a layer on rutile, since etching with
hydmﬂuomc s,cié’ incresses the ’solubil:!.ty ‘o:t‘ mﬁie. The decreage in
é.ﬁaoi?*bion of basic dyes is probebly due to adsorption of hydrogen

ions from the acid by the dust resulting in a decrease in the negative

charge on the surface (67).

If such 2 "high~solubility layer® exists on the surface of the
titanium oxide dusts, it mist be either so thick or so thin that it has
not been detected by the solubility emperiments. In other words, there

is mo emperimental evidence for its existence.

(111) Agsorption of Dyestuffs.

The resulis of the acisorpt.ion experiments shov thet rutile and
quartz adsorb the same type of dyestuffs, namely, the basic dyes vwhich
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ionise in s&lution to glve a positiwely charged colour-ion. It may
be inferred that other materizls which bebave similarly in solution will
also *e adsorbed by quartz and mtile.

{iv)  General.

Rutile has negligible sclubility at the pH of the luﬁg fluids and
at body temperature. It adsorbs to a grecter extsnt similar typesg of
material to quartsz., Sinece rutile is a pathogenically inert meterisl,
it would appear thet edsorption plays, et most, & small part in the

mechanisn of silicosis.

This work has not, however, isken into aﬁcéunt the possibility that
there may be some preferentisl adsorption qf certain mtérials from the
1;1115; ﬁui&s by guartz, which doeg not occur with mtil@;‘ ’Ms type of
adsorptiom mey play some part in the mechanism of the production of
silicogis, | |

R RS




Introduction.

Muoch work hes been done on the solubility and pathogenicity of |
naturally oecurring siliceous dusts in relation to the pneumoconiocsis
problem. The effect of small quantities of impurities, which seem
always to be preseat in naturel materisls, 1s mot readily determinable
gwling to their very nature. That they may be of ilmportance is instanced
by "alumirpdan ‘thez-apy" s in vhich the irhalation of small quantities of
finely pround aluminium metzl or aluminz considerably reduces the

solubility and fibrogenicity of siliceocus dust in the lungs.

& detailed examinction of the effect of trace quantities of impurities
on the selubility and fibrogenicity of siliceous dusts is thersfore of

interest in this problem.

The impurities csn occur in two way's;n.
{a) As & physical mixture with the silice (i.e., & polyphase
system).
(v) Gccupyiﬁg some place in the strcture of the silica
erystal lattice (i.e., 2 single-phase éyatm), |

Type {a) can readily be investigeted by the preparation of a
geries of mixtures of nstursl quartz {purified by acid-extraction,

washing, ete,) or commercial aworphous silica with Apslar reagents
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‘representing the nstursl impurities.

~ The investigstion of type (b) requires & method of synthesising
quartsz such that experimental impurities are negligible (and what
constitutes "negligible® in this problem i not really known). Also,
to avoid the necessity for much erushing and grinding, snd the intré—
duction of further accidental impurities by these operations, the
erystale produced should be small {say 90 mesh B.S., with an upper limit
of 0.5 mm, ). Farther, it mst be possible to produce successive

batehes of erystels with identicsl physical and chemical properties,

Immriﬁea in the'laﬁtice can be vigualised as existing in seversl
WAV DS~

(1) by substitution for a silicon aiom in the crystal lattice;

(ii) by occupying a normal space in the rspular lattice;

{(3i1) by oceuwpying & flaw in the éefective lattice.

Amn,' deposition of the impurities may be regular, randem, or
periodic. The crystal lattice may be strained and sltered in different
degrees by any combination of these factors, end the solubility and
other properties (e.z. adsorptive ecspecity) sltered.

The aim of this section of the work was to develop 2 method of
synthesis of quarts which could be used to study the factors discussed
above.
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The use of quartz for oseillator erystals in high~frequency
transmitters, and the dezrth of suitable natural crystals during the

wer, led to much resesrch into the growing of synthetie cuartz,

Attempts have been made for over a can{m‘y to srow synthetic
quartg, Fxperiments such as those of Schafhafitl (69), who heated
freshly preeipitated silice in Papin's digecter, and de Sénarment (70,
71}, who added “mineralisers® such as hydrochloric acid in an attempt
tb improve the quality of the product, lasted for meny days, some ewven
for several moniths, and resulted in the production of small quantities

of microscopic quarts erystals,

Spezia (72, 73) showed that lerge crystals could be grown in &
few montha provided thzt an adequate source of’ rew material was
available, His mcthod wes bused on the fact that quartz is more
gsoluble in & solution of sodium metasilicote al temperztures above 300°C,
than below it, He placed & silver-wire besket comtaining cuartz chips
in the hot part of en autoclave (which wes hested =t the top by ges and
cooled by water at the bottom) end a truncated quertsz erystal in the
* t':ool section, The solution containing dissolved silica flowed dowm
past the quariz crystal, beceme superssturated at the lmgezefmmmmm,

end silies separated cut &3 quartz on the crystal.

The modern methods for the synthesis of quartz for oscillator
crystals have been developed from Speziats method., It was decided to
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adapt one of these modern methods, the isothermal method, to the

requirements of this work.

This method was developed in this counbtry by the Woosters et al.
(74) and independently by Nacken (75) in Germany.

In this method, s uniform tempercture is uged, in place of Spezials
tenperature difference, the growth cycle being dependent on the much
higher solubility of silice in the vitrecus than in the crystalline form.
$ilica glass ia uged to replenish the gilica content of the sodium
metagilicate solution as gilica is deposited on the geed crystal.

The growth is carried out in 2an autoclave capable of withstanding
pressures of the order of 1,00C at&mspﬁares at a temperature of 360°C.
The solution used conteins sodium metasilieate (usmuelly 10% sodium meta-
silicate W/¥) end a mineralizing substence, commonly potassium aeid
fluoride, whosse function is to improve the erystalline perfection of
the deposited guarts.

The source materisl, transparent Vitreosil rod (76) (the trans-
lucent grade is unsuitable beceuse it devitrifies very repidly), is
gaspended above the seed plate. The Vitreosil rod snd the seed erystal
are suspended in the autoclave by & silver wire. The volume of the
Jiquid vsed is that volume which is calculated to give the required
p:c?ésmre at the working temperature (usually 360°C.). The growth cyele

is normally of eighteen hours duration,
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Autoclave o, 1.

| The first autoclave used in this work was mede of high-tensils
‘steel (77). It had a nominal ‘intarnal volume of 100 ml., and & bore
of 184 mm, A mildesteel lens ring gave a complete seel for pressures
of the order of 1,000 atmospheres =zt 360°C. The seatings on the body
and 1id ’oi’ the antoclave were ground to comcal surfaces so that a }

line seal wae formed with the sphericelly ground éurfaces of the lens

ring.

Sinece large crystals are not recuired, it wes decided to dispense
with the seed erystal and replace it with a silver gauze. The quarts
form of gilica being less soluble thsn the amorphous, it was expected
that the s:i}.ica would deposit out on the geusze as quarts.

Transparent Vitreosil rod was used as the source materisl, a
portion 40 wm. long x 10 mm. in diameter being used in each 12 hour runm.

Tae solvent used wes & 10% solution of sodium metasilicate. The
volume of the solution required to give a pressure of 1,000 atmospheres
at 360°C. (the working temperature) is calculated from the formule

Available Volume
Yolume of liquid required

vhere Yavaileble wolume® = volume of autoclave - volume of its solid

contents (gauze + wire + source).

The autoclave wes hected in an electric furmmes, the temperature
of which was thermostotically controlled to 360° #5°C. At the end of
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a run the autoclave wos allowed to cool maturally from 360°C. to
150°C. It wes then quenched by immersion in cold water.

The method of suspending the source rod swuas simply to file &

notch in it end tie it by a plece of silver wire below th-é gilver guusze.
The silver Agmwe vas in turn suspended by 2 silver wire to a hook in

the lens ring. This method wes not a;ai;isi‘émory, since no matier how
| :fimly the glass was tied its size decreased during the run, and some
part of the rod fell to the bottom of the sutoclave. It was found
mch Mler and more effective to meke a "purcel of the rod with the
gouze and suspend the parcel inside the zutoclave.

Discussion.

The runms carried ocut using thic autoclave were not satisfactory.
Yery little materinl wae obtained from the first few mn.'a; most of the
gilica depositing on the walls of the vessel. The silica which wes
recovered from the gauze wes discoloured (yellow). The deposit on the
wslls grew rapidly, and a greet desl of msterial accumulated in the bottom
of the autoclave. DBecsuse of the narrow bore it was very &ifficult to
TenOve the adherent materisl. This could only be done by heating the
inside of the tube with an air-gas blowlamp; because of the different
eoefficients of expansion of the quartz and the steel, the quarts then
eracked away from the sldes of the vessel.

The high temperatures involved in this procedure cause ¢onversion
of the quarts to the various different forms ( &,/3, ) ) reversion from

which, on cooling, is never complete. TFuarther, the quarts is lizble
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to contemination by the geses (C0, €0y, hydrocarbons, ete.) snd by
petallic products from the walls of the sutoclave.

After such violent treatment the quarts was, of course, of no use
for the solubility tests.

After the autoclave had been cleaned in thig faghion, epd with
hydrofluoric acid, it was silver plated in an attempt to prevent attack
on the steel walls by the metasilicate solutlon and subsequent iron
contamimtion of the product, At the ssme 'I:.’z.me the *parcel® method of

suspending the Vitreosil rod was adopted.

e giiveruplating proved guccessful in eliminating eontamination
for several runs, znd some vhite, opaque material wes cbtained from the

silver gauze at the end of each run.

tion of this material undsr the miardscope ghowed many

quartz-like crystals, F-ray examinction confirmed that the material
was quarts.

From each of five runs an aversge of 1 g. of meterial was obtained,
 Since the source-rod welphs approximately 8 g., this represents a yield
of only 12.5%. The remainder of ‘tha gilica deposited out on the walls
of the autoclave. |

After five runs & considerable deposit of quards had built up on
the walls of the sutoclave. There were also geps where the plating had
broken away as 2 result of abrasion by the gazize and the temperature



changes to which the autoclave was subjected.

It was decided to design and make enpther au{iaclwe in an attempt
to overcome the diffienlties experienced with the first one.

After considerztion of the moterisls available it was c}ecide& |
that the sec_:émi autoclave should be made of stainless steel. It was
‘thought that stainless steel would be resistant to attack by sodium
metagilicate solution under the conditions of the runs, while its
physical properties were such as to give thé required strength withaut
undne bulk, It was also decided that for genéml eape of working the
autoclave should be capzble of being opened at both emis.k

The amtoclave was designed and made in "Steybrite” F.D.P. stainless
steal, (& drawing is attached to the inside teck cover.) ‘The studs
were of higz-»texzsile steel.

The working conditions were iriifally the same as for smtoolave

Mo. 1, i.ee 1,000 atmospheres pressure at 360°C, using & 103 sod
netasiliecnte solution snd a tremsparent Vitreosil rod, 40 mm. long x
10 m. diameter, as source, the rod being wrapped in & silver geuze.

It wag considered that the use of sisinless stesl would aveid the

corrosion and conteminstion problems encountered with the first auto-
clave, ‘This did not prove to.be the case. The product from the first

run carried ocut in this autoclave was alsgo yellow and discoloured., It
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is not possible to silver-plate steinless steel because of the oxide
film present on the surface. The autoclave was, however, chromiume
plated in an attempt to cut down contamination by corroszion. In

‘addition some other solutions were tried as solvents.

Detalls of some of the runs carried out are given in Table ¥, from
vhich the following conclusions may be drawni= ‘
(x.) Since the effect of the method of quenching is so mu‘:ﬁaa, it
appears that the mechenism of the production of guartz ig different
| from that occurring in theisothermel process for the production of
oscillator erystals, In the absence of a quarts crystel seed it seems
that vm‘lit’&le deposition cecurs until the sutoelave is quenched, whem '
" the dissolved ﬁ.l:.ca “is deposited in the least soluble form (quarts)

from the now supersaturated sclution.

(2) The combinstion of sodium oleate as corrosion ishibitor, and &
protective coating of silice on the walls, appears to be efficient in
preventing contsminztion of the producks. Very little silica deposited
cut on the upper lens ring, and this left & cﬁmmim&—iron surface exposed
1o the sodiuvm metesilicate solution. |

I% seems to be necessary, therefore, before crystels ean
successfully be grown free of impurity, that a few runs should be
carried out to allow the formation of & thin wall of cuartz inside the
autoclave. | |

{3) 4s a result of (1) sbove, the duration of the run need only be
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such as to allow complete dissolution of the Vitreosil rod.

Plates 10 and 11 show the silver gauze and the transparent
. Vitreosil rod befors and after the rum. The rod has been completely
dissolved, and deposited silica can be seen on the gausze.

Plates 12, 13, 2nd 14 show Vitreosll source materizl crushed to
the esize of the product and the products ag seen under s microscope,

In the latter plates definite crystals of quartz can be seon.

Solubtility iests were carried out on some of the synthetic quarts.
The regulis are shown in Teble VI. The dusts were all boiled in |
éa‘.stﬁlad water to remove sodium metesilieate solution, and dried at
| 1209C. for 90 mimtes. ’ -
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PIATE 10,

Silver gauze and trans-
parent Vitreosil rod
source before quarts
synthesis ran.

PIATE 11.

Silver gauze and adherent
product after quartz
synthesis run.



Vitreosil source crashed to
same size as product.
(Magnification x 10)

Product from quartz
synthesis run.
(Magnification s 10)



PLATE 14.

Product from quarts
synthesis run.

(Magnification x 10)



 Mass-to-liguid Tetlo 3 1 g. Si0./40 ml. borate buffer (p 7.5)
’ Solution period ¢ 24 bhours at 37%C.

Dast

Colorimeter
Readings

%mwww
/mom.

Puxre Synthetic Quarts

n L] L

rﬂyxrﬁwtic Quarts prep-
ared from Vitreosil
red + 0.5% alumimiun

powder

HSyu‘shatic Quartz +
accidentel impurities

Fawml mam
{(M=dagascer

70 nesh
HCL cls&zwd «

68 dil‘v lzlﬁ
7 ail. 1%
4245

5.0

(1.13 x2) 2.3%

(1.36 x 2) 2.72
0.74

0.76

Q‘Q 1

» See &ppendix 1 for molybdemum blue method of silice amlysia‘.

8

These golutions had to be diluted to bxing their colours

within the renge of the EEL colorimeter.
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From these results it is sesn that there is cousiderable difference
botween the solubilities of the quartz prepared under similar conditions.
Tis indicates the pecessity for strict control over all operations so
{1) ‘e pressure should be strictly maintained, allowence being made

producible resulis may be obtaineds—

efter each run for the decrerse in volume due to deposition on the
walls of the vessel.

{2) ‘e weight of source material should be as nearly as possible the
pome in ewvery run. '

{3) (uenching ought to be carried out =t exactly the same temperature
every Tun.

{4) Conditions for washing the products free from sodium metasilicate
and sodium claa‘he, and the subsequent drying, should be identieal, and
the washing must be thorocugh.

It can be seen also that although the solubilities of the varions
pare guarts specimen are so different, the solubilities of the dusts ,
comteining impurities either deliberstely or aceidentally added.are very
mch less than those of pure quartz specimens. All the synthetie qtmm
&usts have & very mich higher solubility then the natural quarts of
#imilar particle size. |

- fonclusions,

A method for the preparaition of amall crystals of synthetic quarts
has been estebliched, The introdnetion of lmpurities into the synthetic
qurl;z ghould offer litile difficulty considering the trouble inwolved
in preventing contemination of the quarts. '
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Considerable diffienlty may be experienced, however, in conbrolling
the amount of impurity introduced, since it does not follow that all theo
meterial (e.g. alumine) placed in the sutoclave will be incorporated
into the quartsz, It will also be difficult to determine whether that
impurity which has been included is (a) localised in one part of the
erystal crop, (b} distributed regularly throughout it, or {¢) distributed
periodieally throughout.

- The following programme of work is suggested:-
(1) The preparation of a stock of pure synthetic quarts to serve as &
Iﬁasﬁ.s of comparison for other meteriels.
(2) The preperction of quartz containing veried asmounts of deliberstely f
added impurities which might be expected to ocecur in natursl quarts
(e.g. Fe, A1, Cr, Cu, Mn) and the investigntion of the solubility, J
| adsorptive capaecity, ete., of these materizls,
(3) The preparation of quartz econtaining more than one added impurity,
and the examination of its properties.
(4) The natursl genesis of quartz mist occur under different conditions
of temperature and pressure, end the effect of the variztion of these om
the golubility and pathogenicity could rezdily be investiguted by the

synthesis of quartz at verious temperztures and pressures (to & meximm

pressure of 1,000 atmospheres at 360°C., for the sutoclave).

{5} 1In view of the carbon dioxide theory of silicosis (see Introduction,
page 20) it would be of interest to prepare quartsz in verious different
stmospheres and examine the effect on its physical end chemical

properties,
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(6) e presence of & “high-solubility layer® on the synthetic quarts
would be of interest, especially since it has not been subjected to sany
grirsﬂing or polishing action.

(7) 'The waricus synthetie quartzes could be used for amimsl tests if
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It would be interesting to investigete the follovwing subjectsie
{a) The change in the nature of the surface of a freshly polished
quartz crystal,
(b) The ageing of film of silica formed by evaporation. In electron
microscopy some materials have been shown to alter their physiesl form
considerably after evaporation on to a grid.
(ﬁ} The presence of atomic oxygen et the surface of finely ground
@ar‘hz at various times after grinding. The reagent 4:4Y:4%-(dimethyl-
amino ) triphenylmethane could be used for this.

2. Compsrison between Silics and Rutile.

No cases of pnoumoconiosis have been reported amongst workers
handling titanium oxide in the very fine and very pure fors in which it
-is used as a pigment (56). In the light of the results obtained it
would be interesting to determine whether or not titenium oxide is
fibrogeniec. This could be done by amimal experiments with & suspension
of fine titanium oxide, & solution of Ti{CH),, or a neutral solution of

a titanste.

The eomparison should be extended to cover other materisls of
interest such as ferric oxide (known to be fibrogenic) and alumina,
(vhich is used in sluminium therapy). Meierials whose crystalline
habit is similar to that of silica should be ingcluded in the study.
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{i)  General., The method employed for estimating the smount of
#ilic& in solution wes 2 modification by Clelland (46) of the molybdemm
blue colorimetric method of Isaaes (79), King (80), end Harrison and
Storr (81).

The method is based upon the reaction of silica with ammonium
molybdate at suitable pH values to form the yellow sillcomolybdic aeid.
‘Reduetion of this yellow aeld produces a blme colour, the intensity of
which, when produced under standard conditions, may be calibrated sgainst

#ilica concentration.

sbion of Reagents., The following stendard resgents were

‘ ution. 20 ml. of 6§ HyS04 is added
with stirring to & filtered solution of amonium molybdate (6 g.)
{(8H,) gM02024,4H,0) (Analar) in 100 ml. of distilled water.

B. - Beducing Solution. Sodium sulphite (6 g.) (HapS05.7H.0)
(Analar) and hydroquinone (1 g.) are dissolved im 50 ml. of distilled

water,

{311} ZTest Solution. The “unknown" solutions were ohitained from the
tests as follows:-
(a) From tests using dusts of large particle-size which settled



rapidly by simple decantation.

(b) From tests using dusts of mall pertiele~size which formed
suspensions with the borate buffer by cemtrifging for 5 mmtes at
35500 T.pum. snd filtration through & Ford Sterimat Grade S8 filter
pad.

{:br) Method. 25 ml. of the silica solution to be estimsted is
pipetted into & Lusteroid {eellulose zcetate) (82) tube. To this is
added 18 ml. of distilled water (total volume 43 ml.) 2 ml. of solution
A is added., The solution is stirred for 30 seconds with a esllulose.
aée'f:ate spatuls, and the yellow colour of gilicomolybdic aeid ig then
allowed to develop for z further 4.5 mimtes. VWhen this dé%elapment o
 is complete, 5 ml. of solutiom B is added, the mixture is again stirred
for 30 seconds, and the resulting blue colour allowed to develop for

,%’ nimtes. The irx’sensity of’ the ﬁllly developed colour is finslly
measured using an EEL colorimeder (83) using e red filter (Ilford No.
éo2). N

(v Accureey. For maximm accurscy it is essential to adhere strictly
%o stendsrd development times. To eliminate error in this faector vhen
mmng out a series of eé‘té.mtions the following method Wéa used. All
the reagents were measured cut in éL series of tubes equslly spaced in a
m&,‘ and could thus be added simmltansously to the silice solutions in
Imsteroid tubes held in a similerly spaced rack. The solutions were
stirred by & series of correspondinsly spaced spatulss fixgad combuise to

& holder.



The EEL colorimeter hos a logarithmic scsle, and the overall
gecuracy of the method depends upon the part of the scale on which the
reading falls, Maximm accuracy ($2.0%) is obtained at scale readinge
between 30 .and 60,

(vi) Calibration Curves. A standard silica solution was prepared
by fusing a meig:;ed agount of finely ground quartz with sodium carbonate
in a plat.im crucible, The cooled melt was dissolved in éistilled
water and, after neutralisation with mlphuric‘ acid, made up to a known

volume.

Tae calibration curves were obtsined by adding measured volumes of
this solution to 25 ml. of borate buffer and meking up to 43 ml. with
distilled water. The estimetion is them earried out as deseribed sbove,
and points on the calibration curve obtained.

(wii) Upits. SoluMlities are expressed throughout es the concemtrztion
under the stated experimental conditions

ﬂf the ﬁilim solation progcoed
(fﬁg. mﬁnﬂm ml. Sﬁlﬂﬁﬁﬁ).
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