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1. Introduction

The major part of the fundamental research on the etlology of si-
licoses begun at the Occupational Clinic of the University of Milan
(Clinica del Lavoro dell'Universita di Milano) in 1951 has been come
pleted with the investigation of fine silica-containing or inert dusts
prepared at the Laboratory of Mineralogy and Petrography (Laboratoric
di mineralogia e petrografia) of this same Clinic; important contri-
butlons toward the classification and analysis of these dusts have been
furnished by the chemical- and x-ray analytiocal laboratories of this
same university institute **,

In the course of the past few years there were prepared and dis-
tributed to the researchers 25 sampl s of classified and analyzed fine
quartz dust (weighing between 0.5 and 1G0 g); three samples of chalce-
dony, one sample of opal, six samples of diatomaceous earth (amorphous
organogenic silica), two samples of silica glass, 22 samples of trie
dymite, three samples of cristobalite and finslly, 20 samples of inert
powder used for control (containing carbon and the oxides, silicates and

* Work carried out with the financial ald of the Righ Authority ol the
European Community of Coal and Steel (Alta Autorita della Comunita Bu-
ropea del Carbone e delllAcciaio) and the Study and Research Centar on
Occupational Diseases (Centro Studi e Ricerche sulle Malattie Professi-
onali}) of the IN..L. 7. Maddalon is responsible for the writing of

Section 2 and the aquisition of the ssaustiwiitu., C. Occell. wrote
the other sections and coordinated the entire study.

*% Tn this connsction we must mention and sxpress our thanks to Cheme
ists Dr N. Zurle, A. M. Griffini and L. Metrico and Physicist Dr, S.
iEf Petris, who also helpsd us in this study. '
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rémrbenatas of aalelivm, magnesium and iron).

Altogether there were prepared:; 480 g silica~containing dusts
with particle sizes predominantly under 3 miocrons, and 6,500 g silica=
containing dusts with particles under J00 miecrons; 50 g inert dust
with particles under 3 microns and 3,500 g inert dust with particles’
under 100 microns,

These ultrafine dusts have been extensively used in investigations

carried out by mumerous biological resaarch groups: shout 200 g silics-

containing and inert powders (mostly under 3 p) have been sent te the
United States at the request of 17 different research institutes located
in that country., '

In view of the fact that the methods of preparation of these mae
terials have not been desoribed in the reports of the investigations
Just completed, we feel obliged to describe the sources of prime ma=-
terials and the methods of preparation and analysis of the powders em-
ployed in this very importaant plece of basic research,

2, Prime Materials

For the preparation of dusts of silieic nature the following prime
materials were used: qusrts, chalcedony, amorphous hydrated ailloa
(opal, distomaceous earth), anhydrous silica glass, tridymite, cristo-
balite; the thres latter forms of nstural silica wers obtained by syne
thetloc methods. - .

&) Quartz (silica crystallized at the ordinmary temperature in the -
holoaxial rhombohedral system)., = '

The quarts labeled “anslytic grade" by large pharmsceutical come
panies has been found to contain between two apnd four psreent impurities
consisting of various minerals (feldspar, mica, oxides); the quartzites
ard quartz~containing sénds of Italian origin centained, on the other
hand, accessory minerals in proportions even higher than 10 percent.

In view of the fact that a product of the highest purity was needed due
to reasons of differential fragility (Ceccella snd Henking), we decided
on the use of the hydrothermal crystalline quartz of the velns of Now
maglio (Quincinetto - Ivrea) and of Viu (Lanzo - Turin). In these mi-
neral deposits the quartz content atteins 99.8 percent, with only traces
of muscovite mice, metal sulfldes (galena, chaleopyrite, zinc blend)
and of ferric oxides (hamatite, ochra) being present.

b) Chalcedony (mineral silica of fibrous-radiating structure,
erystallized in an as yet unclarified system, passibly monoclinie).

From fragments remaining after crushing by means of an agate
mortar and psstle it 1s possible to isolate almost pure samples of
[g&flcedony, hardly containing more then two to four percent hydrated “MJ




r;;orphous silics. An optleal control was necessary to exclude the W]
paoudochalosdony-containing materials (misroerystaliine quarts cemented
by hydrated smorphous silica)s control by means of x=ray diffractom
graphy does not make such a disoriminsiien pessible since the diffrace
%ion spestrun of chalcodony is nearly identical with that of quarts

Fig.l),

The chalcedony may contain small amounts of mioroerystalline car=-
bonates; these can easily be eliminated dirsotly from the ground pro=-
ducts by means of a weak attack with dilute hydrochloric acid, follawed
by filtration and drying of the insoluble residue. '

c) Opal (hyﬂrated amorpous mineral siliea). Diatomaceous Earth;
Silica Gel,

For amorphous silica we utilized opal mined at Casolletie (Turin);
an accurate manual chelce has enabled us to lsolate samples of 97-98
percent hydrous sillica content and to exclude fragments sontaminated
by magnesite., Any sccessory materials (ferric oxides, carbonates) were
eliminated by means of dilute hydrochloric acid.

- The diatomaceoua earih ("rotten-stono“), made up of organogenic
residues of silica sponges, algae and dlatoms and containing hydrous
‘8ilica, could not be employed as conveniently in the experiments 28 the
fine opal powder, partly because of the normal presence of extraneous
substances (quarte, sillcates), pertly becauss of its resistance to.
grinding caused by its softness, and partly because of the difficulty
of estimating the aspecific surface aree of the very minute and complex
dendritic struotures (Fig.2).

Silica gel (amorphous hydrous silica, obtained by chemical pre=-
cipitation) presents, analogously to diatomaceous earth, noteworthy
difficulties in regard to the determination of the 5pecif1c surface
arsa;

d) Anhydrous Silica Glnas (synthetic amorphous form of fres si-
lica deprived of its water of orystallization; rarely found in nature
in the form of lechatelierite),

Prom fragments of industrial "quartz glass" (obtained by fusion of
quartz) used as refractory there have been obtained samples of the highe
ast purity, containing about 98 percent of fres silica, It was necessary,
with this type of material, to carry out the followlng controls:

1. Chemical analysis of the residue remaining after the aotion of
hydrofluoric acld, in order to determine the total silica content; and

2, YeRay spectrographic analysis in order to exclude the prasance
of crystallino silica which could result from a recrystallization fol-
‘]owing the thermal stresses to which the material 1z subjected duringmvj

corones




]production and eventual use cycle. l

‘e) Tridymite (a form of free crystalline silica, rarely found in
nature, pseudohexagonal orthorhombic at ordinary temperatures).

AT NP
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Fig.l. Diffractograms of the Principal Forms of Free Silica (Apparatus:
Siemens Kristalloflex III; Voltage Applied: 35 KV; Anodic Current: 13 mA;
Copper Anticathode; Measurement of Diffraction Intensity by Means of
Geiger Counter and Recorded on Paper Ribbon; Velocity of Excursion of
Gelger 1 degree/minute; Bottom Scale of Registration 1000 Impulses/Sec),

1) Quartz 2) Chalcedony 3) Opal 4) Diatomaceous farth 5) Silica Gel
6) Silica Glass 7) Tridymite 8) Cristobalite. . :

Ia view of the limiteu practical mrssibilitv of utilizine natural
tridymite crystals exceptlonally present in druses and geodes within
sffusive acid rocks (liparites, trachites), we employed tridymite ob-
tained synthetically. The literature (Peretti) cites the possibility
of obtaining tridymite by heating quartz to approximately 1000°C in
presence of suitable fluxes. Zwetsch and Gucking have prepared tri-
Syvlio by prolongad heating of silica glass at 1000°C in presence cf
sodium tungstate, _~J\
| S—



Fig.2. Diatomaceous Earth (Photograph by Frigerio)

After a series of exploratory experiments we worked out the fol-
Jowing preparation*:

i A sample of quartz powder composed of particles predominantly un-
‘der 100 n is mixed with 10 percent by weight of anhydrous sodium sul-
fate (flux) and placed in a cavity excavated within a silica-alumina
refractory brick, insulated from the surrounding atmosphere by means

of a refractory cover. The sample is introduced in a glassmaker's oven
and maintained at a temperature of 1l450°C for a period of about seven
weeks. At the end of this period it is withdrawn and allowed to cool

to room temperature by simple exposure to the atmosphere; the nucleus
of the fused and porous briquette obtained in this manner (of the pur-
est white color) is composed of pure tridymite practically free from

impurities, as is demonstrated by subsequent debyegraphic (Fig.l) and
petrographic tests.

f) Cristobalite (a form of free crystalline silica rarely en-
countered in nature, crystallized in the tetragonal system, pseudocubic
at ordinary temperatures).

Renouncing, also in this case, the use of mineral crystals which
are isolated with difficulty from certain rocks of volecanic origin, we
found it preferable to employ cristobalite obtained by synthetic me=~
thods. Peretti mcuvivus the n~ssibilitv of obtainine cristobalite by
calcification of amorphous hydrous silica (diatomaceous earth in par-

*The principle of this method has been used in the production of tri-
dymite by G. Nagelschmidt, Safety in Mines Researcih Establishment, Shef
ield (England); it is incorporated,in the scheme presented below.



ticular) at about 1000°C for six to eight hours, in presence of smaiz—]
amounts of fluxes (iron or aluminum oxides, sodium sulfate). The final
product is handicapped by the uncertainty regarding the chemical com-
positiom of the diatomaceous earth and the relative difficulty of
grinding and of estimating the specific surface area.

Cristobalite is present in a high proportion in an internsal por-
tion of refractory silica bricks used in the MartineSiemens furnace,
after a normal castic operation (Occella and Maddalon); this portion,
of a greyish-blue color and located immediately below the crust glas-
sified on contact with the fusing bath, is composed of 85 te 90 percent
cristobalite, plus oxides and silicates of iron. The materlal ground to
coarse particles may be subsequently purified by means of separation
in heavy liquids; the enriched sample may attain cristobalite contents
above 95 percent. :

For the enrichment by means of dense liquids the following method
has been found convenient: The powder, composed mainly of particles une
der 100 p is immersed in a mixture of xylene and bromoform (having a
density of about 2.5); then bromoform is added drop by drop while at
the same time the density is verified by means of a Westphal balance.
The fraction of the powder floating between densities 2.58 and 2.6k
‘represents a high concentration of cristhalite,since the impurities
have densities lying outside the interval between these two values.

3. Grinding, Classification and Purification of the Various Materials

The various coarse samples -previously triturated in cast-iron
mortars or laboratory crushers- were ground in a Linatex* cylindrical
drum mill with rubberized walls (length and diameter: 300 mm) and with
a grinding charge consisting of coarse fragments of the same sample
and metallic spheres lined with rubber. The time of operation for the
various samples varied between four and eight hours at a velocity of
50 rpm. The resulting products were much enriched in fine particles and
were used directly in the appropriate dust chambers for the inhalation
experiments with laboratory animals. If it is desired that the samples
be classified according to grain size, the ground material may be
sieved, using DIN 300 or 400 mesh sieves with openings of 55 and 38 p,
respecvively. The classification of sizes within the limits of inhae
lability of the particles (three to five microns) was carried out
by me2zs of Zurlo's pneumatic classifier (with linear or cylindrical
fizsures) capable of separating .2...2s of two to five micrors and un-
der two microns. It must be pointed out that if the original product is

* Provided for this study by the Institute of Mining Arts (Istituto de
Arte Mineraria) of the Turin Polytechnic Institute (Politecnico di To-
ring), to whose director Prof. Lelio Stragiotti we wish to express our
sincere thanks for having authorized the grinding department associated
with the laboratory to prepare the minerals used in the present ine

H . .
[vestifations. }

S



Fig.3. Tridymite Powder Obtained by Grinding in Colloid Mill.
(Photograph by De Petris)

not absoluely free of associated impurities, the mechanically more

fragile components will separate, on grinding, in the form of predo-
minantly minute particles which then accumulate in the finer classes
of the separated products, introducing thereby an appreciable factor
of contamination. The production of ultrafine powders is at the rate
of 0.1 to 0.2 gram per hour of operation of the pneumatic classifier.

If it is desired to grind samples of the order of a few tens
of grams, one may use a laboratory ball mill in which the centrifugal
action increases the force of mass, We adopted a Hormuth colloid mill
with cups of agate, corundum and special steel, of a volume of 250
cm3, rotating at 400 rpm: this mill is particularly suitable for the
grinding of siliceous materials when cups gmd spheres made of agate
are used, since the wear and tear on the 18ter is negligible and
so is the subsequent contamination of the products,

The grinding operation lasted for about 50 hours, obtaining
from original crudes 0.5 to 1 mm in diameter grain classes with
80 to 90 percent (in number) of the particles under 3 p, depending
on the characteristics of the crude: the highest degree of fineness
was obtained in the case of cristobalite dust and the lowest in the
case of chalcadony. The sampies were the» <anarated bv means of Zurlo's
pneumoseparator.

It must be pointed out that the protracted operation of the mill
ovar several hours makes it possible to obtain final products of ultra-
fine granulometry which may immediately be used for the various biolo-
Eegal experimurt.s, The tridymite dust (ground for 200-250 hours in the
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rzzﬁloid mill) was examined under the elesctron microscope (Fig.3) an&hm]
found to consist of particles practically always under 5 j3, with 95
persent in number under 2 n. In this way one has the advantage of
avolding the necessity of all subsequent classificatlions, baving ob-
tathed a final product of the same composition as that of the crude,
while preventing the eventual segregation of the various constituents
intg$ various granulometric classes according to their differential
fridbility. The production of powders of the highest degree of finensess
is 4t the rate of 0,3 g per hour of operation of the colloid mill.

. Whem it is found necessary to eliminate the amorphous layer pre-
sent under the surface of the crystalline silica particles obtained by
grinﬁing ~sspecially when dealing with very fine powders, under 10 p-
one may resort to a mild attack with hydrofluoric acid according to
the following procedure:

5 g powder is dispersed in 200 cmJ distilled water; 50 cm3 48 pere
cent hydrofluoric acid is added and the mixture left for 90 seconds.
Thereupon the action of the acid is arrested by the addition of 1250 cm3
3.5 percent boric acid. The mixture is filtered, the product on the
filter washed with excess distilled water and calcined for 8-10 hours

, at"650°C. The final weight of the residue amounts under these conditions
to abowt 75 percent of the original sample, if the latter has the above-
mentioned granulometry. The product subjected to microanalysis by the
colorimetric method (distillation and coloration by Eriochrome Cyanine
R) shows the presence of fluoride to the extent of approximately 0,1
percent.,

4. Granulometric and Analytical Examination

All the samples of fine powders were regularly subjected to gra-
nlometric examination under the optical microscops and in certain cases
under the electron microscope.

The following types ofiiacroscopes were used: Leitz polarization
microscope MOP, Leitz polarization microscope Panphot, Zeiss=Winkel
bright field microscope. The following observational conditions were
used: Objectives: dry, with a numerical aperture of 0.65 and a magni-
fication of 40 diameters; immersed, with & numerical aperture of 1.30
and a magnification of 100 diameters; Eyepieces: periplanatic with a
magnification of 10 and 20 diameters. In this way effective magnifica-
tions of L00, 800, 1000 and 20(v wers obtaiw~a.

The preparations of silica-containing samples to be examined opti-
cally were obtained by dispersing 1-2 mg powder in monobromonaphthalene
on the glass slide; the perception of the particles under these condi-
tions is very clear, since monobromonaphthalene has an index of refrac-
tion considerably above that of the various forms of free crystalline
silica. In order to avoid the volatilization of the dispersing agent it
lis advisable to block off the edges of the slide by a mist of auto-
bpelymerizable resin.



[_- The counting and estimation of the dimensions of the particle;——]
- were accomplished in all preparations by examining certain zones de~-
limited by given divisions of the linear ocular micrometer; the gra-
phic representation of the results (by means of a granulometric curve)
enables one to establish the number of particles comprised in the .
various fundamental classes, that is, 0.5 t0o 1 n; 1 to 2 p; 2 to' 3 ns

3 to 5 n; above 5 p. From the numerical determination tha weight dis-
tribution of the particles may be established in good approximation in
each of the classes, on the basis of the average dimensions,

Whenever one uses separatory equipment according to dimensions
(sieves, pneumatic classifier, etc), the determination of weight dis-
tribution =obtained by means of direct weighing of the individual clas-
ses= 1s much more precise.

, For the numerical‘countihg of the particles good results are also
obtained with a Reickert optical microscope with a large projecting
screen provided with a linear graduated scale which may be moved in
the field,

Statistical accuracy requires that for a correct representation
of the analytical results at least a few hundred grains be counted.
'In the case of optical microscopes, even at the highest magnificetion
~it is 1llusory to attempt to define particle dimensions under 0.5 n

and to estimate the presence of particles under 0.2 pn; hence it is
obvious that it is impossible to determine the granulometric distribue
tion with classes of 0.1 in 0.1 or of 0.2 in 0.2 p. '

Whenever the knowledge of a granulometric distribution must be
carried to fractions of a micron, an electron-microscopic examination
becomes indispensable. In our particular case we used a Siemens Elmia
scop I: the samples condaining the powder of free silica were subjected
to ultrasonic treatment in a mixture of alcohol and distilled water,
then deposited in a collodion support on the grid and examined and
photographed after the complete evaporation of the dispersing liquid.
The granulometric analysis was then carried out by measuring and
counting 200 to 400 particles on the microphotographs at magnifications
between 2000 and 8000 diameters.

In the case of samples obtained by sieving and pnsumatic sepa-
ration it was necessary to carry out an analytic control in order to
find out whether there had been a preferential accumulation, in the fine
classes, of some constituents of low mechanicel . _cie+swera. Tn fipet pn.
proximation one may rescrt to a polarization microscope, then ~according
to the fineness of the dust- follow this up with an analytic determina-
tion of the crystalline silica'via semiquantitative or quantitative x-ray
spectrography with internal standard (Frigerio and Zurlo).

In such cases one may also perform chemical tests according to -
Lih& techniques already described (Occella, Zurio and Frigerio), bein%__] ‘



careful to keep the intensity of the attack below that normally use&~—1
in order to avoid =in view of the finsnsss of ths dusts- making soluble
also the particles of free silica. A good knowledge of the composition
of the original materials facllitates in such cases the investigation
of the presence of accessory components in the different classes of
ultrafine products. .

5. Concluding Observations

An exact definition of the origin, composition and granulometric
distribution of the individual dusts used in blological research be-
comes indispensable if one wishes to establish valid elements of come
parison between the results of the various studies and experiments,

Inasmuch as the international medical and technical literature
has seldom adhered up to now to any uniform ecriteria regarding the pre-
sentation of analytical and granulometric data related to dusts, the
authors wish to conclude this illustrative note by stressing the ime
portance of a rigorous precision in the citation of sources, of the
compositions and characteristics of all dust samples used, as basic

« materials, in clinical experiments and research.
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