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Asbestos is a generic term for a varicty of hydrated silicate minerals which
have one common attribute, namely, the ability to be separated into relatively
soft, silky fibers. Although the name is ordinanly associated with those varieties
which have technologic importance, it is applicable to all minerals which fit the
above description. The term “asbestiform mincrals” is perhaps most descriptive.

The known varietics of asbestiform niinecrals can be divided into twoe main
classes on the basis of their crystal suctures: serpentine and amphiboles. The
sole member of the serpentine class is chrysotile asbestos, which is by far the
most common of the asbestiform minerals. It accounts for more than 95% of
the asbestos fiber produced today.

There are five recognized asbestiform vavicties of amphibole: crocidolite,
amosite, anthophyllite, trenolite, and actinolite. Although the amphiboles are
conmon rock-forming minerals, the asbestiforn varictics are much less abundant
than chrysotile.

The physical and chemical propertics of the asbestiform minerals can be
directly related to their crystal structure and chemical compasition. In turn,
the physical and chemical properiies arc responsible for the commercial im-
portance of asbestos. It is understandable, therefore, thal great emphasis has
been placed on the elucidation of the structurc and composition of these im-
portant minerals.

Several comprehensive reviews on the asbestiform mincrals have been pub-
lished in recent years, including Hendry (30), Gaze (25), Hodgson (33), and
Deer, Howie, and Zussman (17). The objective of this paper is to bring this
information up to date with particular emphasis on recent developments con-
cerning the physies and chemistry of the asbestifonn minerals. In addition, the
uses of asbestos will be discussed bricfly in relation to the properties of the
individual specics.

OCCURRENCE

The cpigenesis and occurrence of the asbestilform minerals have been the
subject of considerable geologic and petrologic rescarch. Chrysolile and amphi-
bole fibers are found in entirely diffcrent geologic formations. Chrysotile was
most probably formed as a result of two scparate metamorphic changes in
ultrabasic rocks of voleanic origin. The fiust slage involied the foimation of
serpentine by the hydrothermal alteration of the original rock. At some later
time the chrysotile was formed in cracks and fissures in the rock by reerystal-
lization of the serpentine, again by an agueous solution and reprecipitation pioc-

166

ST0011709




167

ASRPBTOS MINI RS IN MO RN VOOt Y

!

) :

t .

. +

| !

i i

! :

f :

r. . (S

L ' —
N ()

t ‘ l. (ow)

: . —

¢t 1 —

. N 1

i‘; : |

2 | =

:.

"‘

.lLlinh(.:H. v

Fic. 1. Cross vein filee chirysolile,

css. In most cases, chrysotile occurs as “ernss fibers” which are oriented in a
parallel array across the veins in the serpenting rock as <hown in Fig, 1. Ocea-
sional oceuerences of “slip fiber™ ave found ‘n which the Rler is oriented parallel
to the vein as shown in Vig. 2.

A notable exeeption to the normal mode of occursence of chrysotile is the
fiber found in the New [dria serpentinite of Western California and at Stragard,
Yugoslavia (13). The New Idria fiber is geoerally referred to as Coalinga fiber,
The grcat bulk of this depasit consists of soft poswdery pellet like agylomerates

of chrysotile as shown fn Fig. 3. The matcrial may be the result of intensive
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Fic. 3. Nodules of coulinge chrysotile.

‘c_mshing and pulvaization during or after serpentinization. In addition to its
unusual mode of occurrence, Coalinga chrysotile is also wnnsual from the stand-
point of its physical structure. This feature will be discussed in the appropriate
scction of this paper.

The g nesis of the amphibole fhers i not as clear-cut as that of chrysotile.
Their name, taken from the Greeh word am, iibolos, meaning ambiguous, s
a vary apt choice. Figure 4 is a typical example of the mode of occurrence for
crocidolite which is found in the banded ironstones of the Transvaal system of
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South Ahica. They aie mctunomphiond godks of sedimentary arizin, which
accounts for the variabilty in caoposition of the Tost 1oel s and concequently
of the filwr. The only sismificmt occnnence of anesite s al fonnd in this
arca. Crocidolite is found in other wieas, including Polivie and Waestan
Australia,

Asbestiform anthophyllite v formd in many plices thronghant the waorld,
-but there are only a fev: depasits of commcecial impottince in Finland and the
United Sttes. Tremolite and actinolite are the resolt of metaunorphism of car-
bonmate rueks, They ae widely distiibuted in nature, but of little conuncicial
significance. Tremolite is a vary common contaminant of commereial tale.

CRYSTAL STRUCTURE

SILIT00LS

Chrysotile

The erystal structure of chirysotile ashestos was first detenmined by Warren
and Bragg (72) and kiter clucidated by Warren and Ierring (69). These
investigators determined that the mineral has a Liyercd-type structure similar
to the minerals of the kaolinite group. The basis of the structure is an infinite
silica sheet (8i.0,). in which all the silica tetraliedva arce pointing in the same
direction. Attached to one side of this sheet is a brucite Mg(OTI1); layer in which

- two out of every three hydioxyls are repliced by the apical oxygens of the silica
tetrahedra. The result is a double sheet as shown in Fig. 5. The mismatch in the
dimensions of the silica and Lrncite sheets introduces a strain in the structure.
Better matching of the livers and relicf of the stuiin can be accomplished in
three ways.

1. Substitution of lrger jons in the silica sheet or smaller ‘ons in the
brucite shect.

2. Distortion of the octahedeal hrudite network or of the tetrahedral silica
neclwork.

3. Curvature of the shect with the hrucite layer on the nuter surface.

ox'\?dér«mfﬁéfv}_]
UNIT CELL COMPOSITION
Ma (0, 5,0,
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Fver sincs the firt electron microgruphs were published showing the ap-
parent tububar stictne of chiysotile (7, 50, 70), tore has been considerable
controversy over the morphology of the filers. Whittaker (76), by mcans of
carcful X-ray diffraction studics, demonstrated that the lattice was definitely
curved.

Although Jic was unable to show whether the structure was a cylindrical arc,
a closed circular eylinder, or a eylindrical spiral, he favored a spirnl structure.
The tubular concept was supported furthar when Maser, Rice, and Klug (44)
published the clectron micrograph of Fig. 6 showing an end-on view of a
chrysotile fler bundle. The fibrils were definitely eylindrical and included many

which app-rared to be poirs of concentric cylinders,
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“Fie. 6. Electron microgiaph of chnisotil cions section. X185,000, Reprinted with per-
mission from American Mincralogivt 43, 680 (19rn).

A recent paper by Yada {81) has furnished what appears to be the final
answer to the struclure of chrysotile fitwils. By means of high resolution clectron”
microscopy, he was able to observe the actual erystal lattice planes both parallel
and perpendicular to the fiber axis. These pictures, Figs. 7 and 8, show that
most of the fihers have a hollow eylindrical forn. The lattice plancs have a.
multispiral ananzement confitming the prediction of Whittaker (76). Also ap-
parent in several of Yada's pictures is the presence of erystallographic disloca-
tions which stiongly snzeest thiat the basie structural wnit consists of o single
magnesia-silica sheet, rather than a double sheet as previously postulated by
most authors. Yada's ohovations alo confinm Whittaher's In-pathiesis that the
li-fl.sl'(‘ spiral clomert cons i af Fue slica PLnesia units \\‘i!ll‘ appronimately 10
Sl’l('.l-ul.l;‘lw\f.l unis f-»‘.n.fn:( 1 IEEIY P SN { I single filail,

Oceasional fibory were olcinc ! which were solid vather than holloa, Al
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Fic 7. and Fic. 8. Iligh resolution elnctinn wherngraphs of chryeatile,
permission from et Cryse. 23, 701 (1967).
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though these filvrs wre relatively common in the camples, they are not enough
to account for the disciepaney betveen the easared and caledated densitics
reportad by 1Pondsack (53).

One final point should be made ahout the Yada micragraphs. The outside
surface of must of the fibers hows the presence of highly disorganized or
amorphous malerial. This is the result of damage to the outer layer of fbrils by
the clectron beam under the conditions of observation. A

There arc two other serpentine materials found in chrysotile-bearing rock&
lizardite and antigorite (20). They both have the same chemical composition- - -
and the same fundamental sheet structure as chrysotile. The differences betweosrs::
these minerals reflects the way the strain in the crystal lattice has been relievedss,
Lizardite, which is the principal constituent of massive serpentine, gencrally has::
an cxtremely fine grrined, platy morphology, visible only under the clectron:
microscope in most specimens. Its structure has not yet been clevidated, but
X-ray diffraction patterns indicate flat rather than curved sheets. Antigorite;- on
the other hand, docs show cvidence of curved shects. Two of its unit coll. &
mensions arc cqual to chrysotile, but the third is much Jager and variable-
This third (b) dincnsion can vary from 18.57 (o as large as 100 A, compared™" .~
to the 9.2A valuc [rr chrysotile. It is belicved that the structure counsists of - -
undulating shects the periodicity of which corresponds to the variable unit cell

dimension.

| Amphiboles

The basic crystal forun of the amphibole minerals is less complicated than
that of the serpentines, The basie structural unit is a double silica chain (5i,04;).
As in the chrysotile shects, all of the silica telrahiedra point in one dirretion.
These chains are paired, "back-te-back,” with a layer of hydrated c:lions in
between to satisly the negalive charges of the silica chains, The “final structure;
is formed by the stacking of these sandwich ribbons in an ordered army..|
pictorial concept of this structure is shown in Fig. 9. The various mincraly iy
the amphilole groups are characterizod by the cations which eccur in the
structure. The principal cations are magnesinm, iron, caleium, and sodium, Since - .7~
the bonding between these ribbons is rather weak, the crystals are easily eleaved
parallel to the ribhons along A-A. If the cleavage is very facile, the result Is an - -
asbestiform mineml. e
For each varictly of ashestiform amphibole, there is a corresponding massive - S
form with a different mineral name. Normally the asbestiform varicties arc not
L g;:g"l”;:::”i\\(\;!h the umss.ivc coniterparts. Undoubtedly, the local geochemioal

s extant at the time of formation contributed to the relative case of

-

e

T b rwwraam tear .

' cleavage of any specific deposit and, therefore, to its commercial ulility. The 2
massive and asbestiform varictics have the same chemical compositions and o
NX-ray crystal stmc'!urce, 'l:hcy can be distinguished by their physical properties ©
and by petrographic examination. _
CIEMICAL COMPOSITION —~
The chemical compasition of commereially available chrysatiles frem varlous ;

locations arce shouwn in Fable I For compagican e o ol and anti-

ST0011716
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Fic. 0. Amp!n(bolc structure,

gorite are included. In all cuses, it is appurent that the composition differs wvery
2. from, the jidcalized compoasition bf Nigs{Si:0s) (OH).. The impurities which

: Eprescnt miwy "Be part of the crystal structure or due to associated- mincrals.

"‘:" t common impurity fs fron. This can be in the form of ferrous(Fe™) or
(Fc*) fons. Jt is generally assumed that the Fe™ can be substituted for

“silicon in the silica sheets, and the Fe™* can be substituted for tho magnesium

in the brucite layer. The next most common fmpurity in chirysotile is aluminum.
Sincz alvminum can asswine cither tetrahedral or octahedral coordination ft ean
be substituted in cither the silica or brucite layers. Other impurities, generally
found to be associated with chrysotile in lesser amounts than iron or alumfnum,
are calcium, chromium, nickel, mangancse, sodium, and potassium.

The ionic radii of the ions comnmonly associatcd with chrysotile are given in
Table I1. Since these jons vary considerably in size, they can have an effect on
the strains which exist in the chrysotile lattice. Jons which are farger!lum
silicon and smaller than magnesium will tondt: roliove- the strad )

stituted in the respective layers. Aluminum ftg this® I'!q\!flemmt r.

since it is intermediate in size between silicon and magnesiom, FERIRINS
larger than silicon so it will help relieve the sttain when subsﬁtuted;, ﬁn

silica layer. Yerrous iron in the brucito layer will increase the slrai’n

TABLE 11 :
Toxte Rabn ror TLEuRXTS Asaoctarry wirn CuryaoTiie

Flewent R | =r
Rjee e -
Mg2® 7 oles -
Al 0.5
Vet 0.56
bor 0.64
N n.:s
o 0.:x
Mo : ;:
Cu n.ay

———e e . L C e o e .

ST0011717



Rt o y7 S

-

T TV e oy

Bt 44 LN S

ASBESTOS MIXYRALS IN MODKRN TECINOLOCY 178

ils larger size. Finally, it is improbable lhtl dnvofy hrgam such ns the

alkali or efkaline carths, can truly be substituted to any significant extent in the

brocite layer; and when present in appreciable quantiies may exist as '{ntcr;
Jayer™ cations botween the primary layers. Various authors have “normalized
chemical analyses of chrysotile, indicating the probable location of the linpurily

jons in the crystal structure. e
. bestiform amphibolos fs more -complex

The chemical: composition of the asbest os Is o ;
than. that of chrysotilo, The idealized chemical formulas for the various spedas.:fzj.,

-

aro given below. In these formulas, when calions are written: fi- patentheses-

withont subscripts, a variable composition is indicated with the most abundant

species first.
Crocidolite.. ... (XacFey™ Feyt*)8kO0n (01D,
Amosite............... (Fer*, MghSiOu(OR),
AnthophyTlite.......... (Mg, Per*)Sh0: (OH)
~— Tremolit@.....ccovvvnnene . Ca Mg SHOu(OH),
Actinolite,.......... Casd Mg, FrienShOn(Of)

The rungs of chemieal annlyses for llmvuﬂoliu of amphiboles are listed In
Table III. Detafled analyses can be found in varous publ!eatiom (17, 23, 32).

TARLE 111
Curyicat Conrormox or AsneEsmirory AMPuiIROLES®

Asbestiform amphibole (range %)

Crocidolite Amosite Anthophyllite ,Actinolila Tremolite
8i0y 40-53 49-33 56-58 51-50 55-60
MgO 0-3 1-7 28-34 15-20
PeO 13-20 34-4 312 . 815 -
ALO, 002 - 0518 1.5-3-.
Ca0 0.3-2.7 — —_ o 10127
KO 0-0.4 0-0.4 —_ ’ - 008
Na 0 4083 tr N — 0.3%1.5
1,0 2.5-4.3 2543 1.06.0 1.8-2.5

The considemble variation in composftion whlchmoccurMy noted. The .
actual identification of a particular amphibole species maf Tapethd on-which ofa " .-

the idealized compositions the sample in question most closely:represonts. This

varinbility in composition is a direct consequence of the factthit the structure-

can accommodate many different ions in the space between the silica ribbons,
and the varinble nature of the host rocks can contribute different fons to this

stnuicture.

Accessory Minerals

The analysis of ashestiform minerals §x often complicated by the fact that the -

ciimiadne sy : .
et may eontain frarments of the host rock and its associated minerals,
ad aleo that other minerals may he intimately interzrown in the ninr bundios.

8ILil00LsS
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Contamination duc to host rock Imgments is common In commercinl fihers,
In the case of chrysotile asbestos, the inost cosnmon contaminants are the other
serpentine mincrals— lizardite and antigorite. While these specics have shnilar
over-all compositions, the trace olement analyscs could be influenced by their

. Other mincrals which aro found in serpentine masses, and which could
bo found Sn commercial chrysotile fibors, arer magnetite, brucite, chramite,

caleite, magnesite, olivine, pyroxenc, tremolite, actinolite, chlorite, tale, and
chaleedony. The proportions of theso minomls will vary consldernbly with the

Jocation and nature of the deposit. For a specific commercial mine, the nature
and content of the impuritics in the ore will be relatively constant. Neighboring
deposits in the same scrpentine belt may differ considerably in their impurities.
Several good publications arc avaflable (19, £7, 45) which describe the geology
and mineralogy of the various chrysotilo producing areas.

Other than lizardite and anligorite, the most common minerals associated with

arc magnetite and brucite.. Both- of these species often are found
i the. ends of the fber bundles are

inagnetitericl layer OF i K 'ﬁziﬁbmlogic curiosity which is
s chrysolile deposits including the Jeffrey mine at Asbestos, Quebee,
g8 form of magnesium hydroxide which has been given the name
(9). These fibers usually occur in bundles which are often several

et fong.
Reimschussel (60) studicd the association of chromium and nickel with care-
fully separated components of orc from the Jeflrey mine at Asbestos, Quebec.
Using a combination of chemical dispersion and magnetic separation, the asbes-
tos was divided Into fibrillar chrysotile, serpentine, and magnelic concentrates.

All of the chromium was found to be associated with the magnetite phase,
most prohably as an isomorphous substitute for ferric fron. When chromium
appeared in the chrysotile or serpentine fractions, it was associated with the last
traces of magnetile which were smpossible to remove.”

Most of the nickel in the ore is also found in the magunetic fraction, A. small
smount may be associnted with tho magnetite, but the majority occurs as
separate phase. This phasc s the jron-nickel alloy, awnrulte, whose composition -
ranges from FeNi. to FeNi,. It ean be scparated by a differential solution
method proposed by Nickel (49). Finally, a small amount of nicke], about
0.005%, is found to be present in the chrysotile lattice, most probably us a
substitute for magnesium.

Organic Impuritics

The assaciation of benzo(a)pyrene and other organic impuritics with asbesti-
form mincrals from various sources was investigated by Reimschussel (60)
The tatal amount of extractablo organic matter was determined by- long-lr'm;
Sox-blct extraction with eyclohexane. After drying and welghing, (he orgn'm'c
!r:;'(::::;“ (‘\:‘ns analyzed for  benzo(a)pyrene by !.Mn-l.-ly('r chrusaatographie

The fibers ex mined included North American and Alcicin eliyvsotlles, cro
cidolite, amosite, and anthophylite, AN samples contained IH":\\IU‘.’I";!U nn%;ﬁﬂﬂ\:"

61L1.100LS
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of extractable orgonic matter, yanying from 10 to S00 ppm. Thae was, however,
o corrclation between the amount of organic matter and the amount of benzo
{a)pyreno present. ‘Thie Canadian and United States fibers (1t chrysotiles :md
onc anthophyflite) contained no detectable benzo(a)pyrenc. The detection limit
varied with tho amount and complexity of composition of the cxtracted oryanie
matter. Tt was as low as 0.02 paits per billion and gencrally below 5 pph. All
of the fibers from Africa and Finland, on the other hand, did contain benzo(a)-
pyrene. The highest concentration (150 parts per billion) was found in crocido-
lite from the Cape Province, South Africa. Crocidolite and nmosite from the
Transvaal Province contained 12-18 pph; Rhodesian chrysotile and Finuish
anthophyllite contained Jess than 10 ppb.

These results are §n general agreement with those reported by Haringlon (28)
except that Harington found no benzo(a)pyrene in African chrysotiles. The
explanation of this dillerence may lic in the fact that arington used virgin
samples collected in the ficld, whereas Reimschussel analyzed typical commer-
cinl products. This could mean that at least some of the benzo(a)pyrene is
introduced during the processing or shipping of the fiber.

SURFACFE. CHIARACTERISTICS

Tho surface chamcteristics of the asbestiform minerals are very haportant in
rolation to thefr commercial uses and to their interaction with whatever environ-

‘Wﬁrﬁt they may be exposed to. Most of the discussion relates to chrysotile

beenuse the surface characteristics of the asbestiform amphibole minerals have
rcecived much less attention.

The external surface of chrysotile fibers consists of magnesium hydroxide and,
thercfore, it is not surprising that the fibers behave in soine respects as though
thcy were magnesivin hydroxide. For example, Pundsack (53) determined that

the plIl of a suspension of chrysotile in carbon dioxide-free distilled water is’

10.33. This compares to a value of 10.37 for a magnesium hydroxide suspension

under the same conditions. Pundsack and Reimschussel also determined the-

“solubility product constants™ for various chrysotile fibers (58). The values
ranged from 1.0 X 10 ** to 3 X 10 ** and correspond quite closcly to a value of
1.9 X 107" reported for magnesium hydroxide (64).

Surfuce Charges

The clectmkinctic behavior of chrysotile is another manifestation of the mag-
nesivm hydroxide surface. Martinez and Zucker (42) studicd the effect of pll
on the surface chargte, or veta potential, of ashestos ore body minerals hy the
streaming potential method. Fignre 10 shows the complete pIT vs zeta potential
curve obtained by these anthors. They found the isoclectric point of chrysotile
to be 11.8. At lower plI values, the surface charge s positive; above the Iso-
electric point, the charge hecomes negative. They attributed ll\c-slmrp increase
in potential which was obtained as the pIf was lowered from 7 to 3 to removal
of hydioxyl sroups fromn the «anface and resultant exposnre of the maznesivm
ions. Below plL 3, the maegnesinm jons are removed and the silica .\lu?.lt‘o cx-
poscd, accomntine for the Coerease in seta patential in this vangge,

- g o
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The clectrokinctic behavior of lizardite, also shown in Fig. 10, is significantly

different from that of chrysotile. It has an isoclectric point of 8.7 with a much
smaller charge than chrysotile. Furthermore, the sharp risc in potential, botween

pll 7 and 3, is not found. This would be in accord with the proposcd undulating-
structure in which both silica and magnesium hydroxide surfaces are exposed. -. .
Chemically, the surface of the amphiboles is similar to that of silica: It fs.-

polar in nature, but not as highly polar as chrysotile. The electrokinctic.olmx
is negative and smaller in nagnitude than the positive charge of chiysotlles
Isoclectric points have not been well established, although it Is presumed tha
the charge would become positive at very low pIlL u
Most materials have a negative surface charge in aqueous systems.’ Sites
chrysotile has a positive charge, it will attract or be attracted to most dis

matcrials. This characteristic or chrysotile manilests itsclf in many of the come= -
mercial applications. In addition, the highly reactive sutface causos many Jatér- .

esting surfuce reactions to take plice which are intermodinte botween simple

adsorption and truc chemien! renction, For the sake of better continuity, those -
interactions will be discussed along with the chemical properties of the Fber:-~

Surface Arca

The specific smlace area of chrysotile ashestos as determined by gas adsorp-
tion measwrements has been found to vary considerbly with the physieal con-
dition of the fihers. Tor cxunple, Pundsack (31) reported that pulling fibers
from a hlock of crude: Jefirey elirysotile fiber with tweerors ouwye produ:is with
surflace areas, as detenmined by nitensen adsorption, rangiig from J to 12 m?/g

iy T L S e s O e A -

ST0011721



ASIWSTIOS MINERALS IN MOUERN 1ECHNOLOCY 179

Jdepending on how thoroughly the fbers werg pulled apart. When the fibers
were opened further in a Wiley Mill, the comparable surface arca was more
than 30 m/g. Values in excess of 50 m*/g were obtained when the fibers were:
soaked in an Aerosol OT solution to scparate individual Sbeils.

Navmam and Dresher (48) studied the surface aveas of various chrysotiles-
in move detsil. They ako found a considerable variation in surface arca with
degree of fiber opening for most fibers. The two exceptions were- the chirysotils..
from Ncw Idria (Coalinga) and Stragari. In these cases, there was very little:
variation with the degree of opening. Theorctical surface areas of the chemically: ,
dispersed fibers cakeulated from measurements of fibeil diameter distributions- =38
werc in good agreement with the measurcd values, as shown below. )

¢eLi1001S

Avernge
Fibess from Observed SA Caleulated S\ fiLril diameter
Canadian Grade 7R 50 m/g ‘ 55 m/g 35k
New Idria S m/g e mig 775k

The authors proposed, that for those fibers whose surface arcas arc sensitive to 38
the degree of opening, the voids between fbers are partially filled with solid?
material, and thercfore nat accessible to nitrogen or other gascs. In the case of
the New Idria fibers, these interfibril voids are available for adsorption. In
cither case, the intrafibril voids nre not available.

s, Several workers (18, 48, 51) have attempted measurcments of the pore-size:

% Fistribution of various asbestos fibers, including chrysotile and amphiboles. The
methods have included water vapor adsorplion, nitrogen adsorption, and mer-%3
cury penetration. Most nitrogen adsorption results show a peak in the vicinity -
of 20A which has been interpreted as a measure of the radius of the pores
within the fibrils. Tiarris (29), however, pointed out that this may be an artifa
of tho measuring method and §s open to serfous question.

The surface arca of amphibole asbestos is considerably Jower than chrysotilessd

it docs not exhibit any unusual porosity. Patterson and Thompson (52) reported s
that sawn blocks of Wittencom crocidolite have surface arcas around 5m?/g. 28
This increases to between 7 and 8 on teasing fibers from the block. The fully
fiberized material had a value of 11.8m?*/g.

Adsorption

The adsorption of various materials on the surface of chrysotfle has: been il
studied from both the liquid and vapor states. Young-and Fealy ($4) studied
the adsorption of scveral vapars on chrysotile. They found that nitrogen, argon,
carbon monoxide, acetylene, n-binane, trimethyl amine, aind ‘dimethyl amine all 3
gnvoe surface arcas of 9.7m*/g on grde 7R Camndian fiber. Ammeonia and wwator
vapor, however, gave surfacc arcas of 17.8mY/g for the same sample. The .
difference could not be exphiincd in terms of chemisorption or other specifie
interactions because all the isotherms were completely reversible. Theie con-
clusion was that the extremely polar water and ammenia molocules could bo
adsorhed on portioms of the surfaco which are not available to less polar
molecules. They further concluded that rome of the pores in chinysotile may Lo
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o o[,!olvwh making the intcrpretation of the fsothenus quite difficult. Wes

.;.%::Typncal adsorption fsothenns obtained from these systems are shown in Fig.:J
These isothenms of concentration change are plots of the “apparent” or &

pligged with water, and that these plugs are perurcable to polar vapors only.

Young and Healy also 1cported a similar anomolous sorption of water vapor —
on antigoritc, a nonfibrous scrpentine. Anthophyllite and tremolite, the only 3 CC:-‘
amphibolcs studicd, did not exhibit this behavior. I =

The adsorption of various orgmic cumpounds on chrysotile from both the ' —_
liguid and vapor phn.scs Is currently being studicd by Wecks and Loineweber ‘ ;1

o

(75). The fiber used in this study was spccmlly air clcaned to remove most of
the nonfibrous material and catracted with carbon tetrachloride to remove or- -
ganic contaminants. Ethanol, benzene, and hexane all exhibit normal isotherms - < -
on chrysotile. The surface arcas, estimated from the isotherms are cthanol, 188
m*/g: benzene, 112m?/g: and hexanc, 9.8 m?/g The nitrogen surlace area fs
212m?/g The corresponding heats of adsorption are cthanol, 13 keal/g; beaz-.:cc
enc, 11 keal/g: and hexane 9 keal/g. Zettlemoycr ef ol (85), reported 16 keal/g s o
for the heat of adsorption of water on chrysotile. :
These adsorption data support the obvigus premise that the polar surface of::
chrysotile has a greater «flinity for polar molecules than for nonpolar, in gmcnlj:’:“:

sgreement with the findings of Young and Healy.
Adsorplion from solution is complicated by the concurrent adsorption of solute

ptweber studicd the following binary sysiems on the same fiber
r adsorption studics: benzene-cthanol; benzene-tert-butanol; b
henzenc-naphthalene; * benzenc-anthracene; hcxnno—naphtba ot

ential adsorption of the “solute” (the component whose concentration is
eated on the abscissa) cs. cuncentration. These concentration changes. .
determined by means of a differential refractometer. The extremes in the. tytil
of isotherms obtnined are illustrated by the benzene—cthanol: system and

.
W

L ]
»
1

elthanol-benzene

s

c
5§
S
g o .1
3k
O p O
- Y \
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- hbexane -benzene
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Fre. 11, Samtion of organfe linuids on cluy=otile,
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hesanc-henzene v;ﬂl-m. In the former, the appatent adsorption of cthanol is
positive at low-comcentrations and ncgative at high concentrations, wherens in
the lattcr systemsy the apparait adsorption of hexanc is negative throughout.
A qualitative fniipretation of these cflects is that the aflinity of the suiface for
cthanol and bessiee arc essentially cqual, while benzene is more strongly ad-

hedilisa: The afMinily of the surface for the compounds studied can

ag deereasing order:

ol = Denzene > naphthalene > anthrecne > hexane

etation of these I otherms by the methods proposed by
Kipling and Tesés (38) was impossible because sufficient information was not
available to be able to extract the individual isolhenms.

CHEMICAL CHARACTERISTICS

Asbestos has often been touted as the “indestructible mincral.” In reality, this
is far from the casc. As far back as 1885 (67) the rcactivity of chrysotilo with
acids was rccognized and in 1590 Clark and Schncider (16) found that chrysotile
was the most susceptible to acid attack of all the scrpentine mincrals. Nagy and
Bates (47) and Nagy (-16) confirmied this conclusion with clectron microscopic
and X-ray diffraction studies on acid-treated chrysotile and antigorite. After
treatment with 1x HCl for 1 hour at 100°C, the chrysotile X-ray diffraction

pattern completely disappeared while that of antigorite wns relatively un-

changed. Llectron micrographs of the reaction products showed that chrysotile
was very scverely ctched and had lost its tubulur morphology. Faust and Nagy
(21, 22) studied the dilferential solubility of chrysotile and serpentine in moroe
detail. They confirmed that cluysotile is alinost completely destroyed in 1x IICl
for 1 hour at 953°C, while antigorite is almost untouched under the same condi-
tions, The reactivity of lzardite fs intermedinte between that of chrysotile and
antigorite. ' .

Badollet (2, 3) sumnarized tho available information on the stability of
asbestiform minerals. Strong acids decompose chrysotile rapidly with the re-
moval of all MgO and a total weight loss of 603, Thoe residue which remains after
acid attack consists of amorphous silica which retains a very fragile fibrous
morphology. )

In contrast to the scnsitivity of chrysotile, the amphibele fibers are much
more resistant to aclds. ‘Thero nre, howover, significant differences botwoen
these fibeis. The data in Table 1V shows that anthophyllite, erocidolits, and

tremolitc aro significuntly more resistant to acid attack than amosite and’

actinolite. Twenty-two days at room temperaturc had cssentially tho same cffect
as tho 2-hour reflux exposure. All of the fibers were relatively stable in 23%
sodium hydroxide solutions. The high solubility of actinolite was attributed to
hnpurities in the sample. i ’

Hiscock (33) more recently studied the rate of decomposition of ashestiform
fibers in boiling 4 x hydrochloric acid. ITo found the following relative order of
stability as shown in Wiy, 12:

tremolite > anthaphiyfite > erocidolite > actinolite > amersite chrysatile

)
—
-
o
~J
™
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After an initial rapid weight loss, the rate of attack decreases radically with
tremolite and anthophyllite showing extremely Jow rates. Recently Wecks (74)
studied the rate of decomposition of chrysotile fibers less than 1 4 in dizmeter
in 832§ hydvochloric acid at 37°C. Decomposition was detenmined by analysfs
for magnesium which had gono jnio solutfon. The decomposition fs rolatively
slow under these eanditions as shown in Fig. 13, The strafght line indicates that

TALLE IV
Soruntiaxy or danrsros Mivenrats 1x 2585 Acin or Cavrrct

Per cont lots In welght, refflusing 2 houre

- " ———— —

Hne CHL OO 1,10, H,80, NaO11
“Cluysotile 55.60 23.42 55.18 55.75 0.00
Crucidalite 4.3% 0.91 1.37 3.62 1.3%
Anosite 12,84 .63 14.67 ¥1.35 8.97
Anthaphiyilite 264 0.¢0 3.16 2.%3 §.22
Actinulite ROABKY 12.2% 201 20 38 8.2;
Frenrdite 177 1.0 50 L 2PN } QO

Aaean ——

BT e w i o e o v - e m e —
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Fic. 13.  Reaction of cheysotile with 0.12 5 HCL 37°C.

the decomposition is difusion controlled. This conclusion is justifiable Liecause
extraction of the magnesium from the chrysotile structure Jeaves a residue of
silica through which both the acid and magnesiom ions must diffuse for the
decomposition to continue, :

It is also interesting to nole that cxtrapolation to zcvo time indicates an initial
decomposition of approximately 6% 1his decomposition probubly represents the
immediate dissolution of the swface magnesimn hydronide. Xeray diflraction
analysis of the 6%-hour 1caction product showed no dillerenee from the oviginal
material in spite of the fact that it was more than 50% decomposed. The acid
apparently attacks the sueface of the fibrils Jeaving an wireacted core whieh
diffrncts X-rays the same as cluysotile, This is in accord with the observation
that chrysotile fibers can he readily Ghrillized Dy agitation in weak acid, Llectron
micrographs of the reaction prodnct show an ctched surface on typical chrysotilo
tubes. The residual silica on these pactially decomposed fibrils is probably re-
sponsible for this etched effect. )

The very rapid initial reaction of the surface hydroxyls was also noted by
Pundsack (56) during the stepwise titmtion of chrysotile with 0.5~ hydro-
chlorie acid at 100°C. Ample time was allowed for cquilibrium to be atlained

alter cach increment of acid. The titration curve, INig. 14, exhibils several in-

flection points. The first increments of acid canse a sharp decrease in pIT from
an initial valne of 10 o about 6.8, This point corresponds to the reaction of
about 1.5% of the fiber with acid. After the fiest inflcction the curve lovels off
until about 87% of the fiber is reacted and finally tails off to a pl of 2.3 as the
reaction is completed. Pundsack estimated that about 7% of the total hydioayls
cxist on the surface, and that 67% decomposition represents reaction of all the
structural hydroxyls. The final 337 reaction represents reaction with the silica
gel formed by the process,

The chemieal reactivity of crocidolite has been stinlicd in connidocUle Qo)

9¢L11001LS
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by Thompsorr (65} wsing fibers in the dizmeter range of 0.05 (v 0.15, In a
Soxhlct extractor, water ronoved 17 of the silica and 6% of the sedium jons.
“These vidues conespond o a dopthof atteek of T and DEunit el rospeetively.
*Similarly, in boiling wliali the attach is hunited to the swlace Jayer.

In 55 hydrochloric acid at 100°C, 207 of the structure s disrupted within 3
minutes, conresponding to a 97 A panctration. Alter 3 minutes, the rate drops
rapidly with Jess than twice the above ponchiadion ifter 6 hiows, agrecing
generally with Hiscock's findings (3%), Thampon propased that the fonmation
of a tough enutingg of polsaovic d dlea proteets the erystals from further attack.
This hypothesis is supporicd Ly the faet that the fibers are again suseeptible to
acid attack i the sitice Ly e is renoved by reaction with alkali

In the prosonee of 028 FIXTA & plE 5.0 and 1007C, the vate of decomposition
of the fiher appears to Ve diffusion contiolled. Tn this case at least a portion of
the silica becoiaos dispersad in the scaction medivm. Thompson concluded that
the amphibole stiadtune is notintrivsicatly Jesistant to acid altack. The apparent
resivtanee iv a geenlt of the protection aoided by the siliea layer. The lesser
resistance of cunasite to adid atlack e possibly be attibuted to faults in the
structnre,

The resistoec of the wshostifor: - minerals to attack by reagents other than
acids iy gencnlly connidoed exeellent at temperatures up to 100°C, but de-
teviorates rapidly at hicher tompaatures. Ball and Taylor (6) studicd the re-
actions of cluysotile with sovaal materials under hydrothermial condiiions.

Recont studies by Yang (53) indicate that reaction hetween clhirysotile and
caleimn Fydeodide iy drect e in 2 days at 239°C. Similarhy Beimechssed (GO)
founud thaa “"'_\\“55!t‘ W (“Zd["«!-’) dr-rum;mw(] o oconcentrat J pu!.t\'«inm
haabhoiee 0 20070 v thidie 28 s Thongeon (67) howed that ¢ fdolite je
att e ! ?-} )RR A IR SR A ) ooy e shone 1000 Ll st Fadn
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demonstrated that fatly acids and other weak organic acids w hen dissolved in
nonaqueons solvents react with the fler smface o form o motnoleentie
“chemisorbed” Layer. The anonut of ciemisorhed acid is affected by the pres-

ence of sotbed water on the fiber. ‘This is illustrated below.

Creisonrrion or Qe Aeip 1econ Buxzese sy Chmvaoving

Filver conditioned for 4S hones at

155C 299, R 100 RH

e e - - ot o o + ——— s = e S o e r— e e - — et

3z, acid sorbel/g, fiber 108 7.4 0.5

Fquilibrium in these reactions is established very rapidly, prabably within
scconds. Tt was also noted that alove a concentration of 0.003 moles of oleie
acid/kg of benzene, the amnount of acicd chewisorbed by the fber is constant

“and has a value of about 1% by weight of the fiber. This value could vary with

the cxposed surface area of the fiber. Even after 135 extractions with hot benzene,
80% or more of the original olcie acid remains fixed ~n the fiber swiface. Fiber
which contains chemisorhed fatty acid is somewhat hydiophobic and markedly
organophillic. The iy :lropholiic chatacter of the fiber s of a limited nature,
since the fiber can be wet by vigorous stirring in water. '

~ In general, organic compositions possessing acidie functional groups dissolved
" fn nonpolar or slightly polac solvents, such as henzene and metliyl cthyl ketone,

exhibit a stronyg tendeney cither to chicmisorh or to slowly react with chrysotile.

Long-chain aliphatic acids, such as [tearie acid, oleic acid, and palmitic acid,

ate chemisorbed by diy fiher. Aromaric-type acids, such as henzoic acid and
related compounds, are also chemisorbrd as are dibasie aliphatic acids, such as
adipic acid. Although the unsaturated six-carbon sorbic acid appears to be
chemisorbed by chrysotile, the related sharter carbon chain aervlic, crotonic
acids show some evidence of slow reaction with the diy chrysotile even in non-
polar solvents and there ix a tendoney for the adsorbed layer to show an afinity
for water. Maleic acid reacts with the hulk fiber.

If the fiber contains advonhied water, the interaction of an organic acid in

benzene or MEK solutions differs mubedly from that with the dry fiber. The-

long chain aliphatic acids, c.g., stearic, olcic, when dissolved in nonpolar or
slightly polar solvents, show little or no tendency to sorb on fibers containing
adsorbed water. Aeids such as adipic, henzoie or sorbie, which have some slight
affinity for water, react with the bulk fiber structure tstead of chemisorbing as
they do on dry fibers. 8
The reaction of chiysotile with certain anionie wetling agents, such as Acrosol
OT, is peculiar in that they cauvse the fiber hundles to s‘;pnr::lc inlo u!ﬁm--\tc
Rbrils. This reaction is accompanicd by strong chemisorption of the agents w‘m
permanent modification of the smface (51). " ‘
When chrysotile fiber s decomposed by strong hydrochloric acid jn the
enee of chlorotriwthyl silane (21) a very inlesesting reaction occurs, No prl(l?s-
the decomposition by acid Teaves a revidue of amorphous silica w l\!;:h‘|w:;\.":|(-{.
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jzcs in the shape of the original fiber. mm&tmm
with tho silica shect as the magnesinm Is removed and prevents-further. pof:
ecization of the silica. Tho final product of (he reaction s in-offéct=an .orgll
Mp&mhdmfmmMmMngh
exhibit- typical chrysotile morphology wnder: ths elottion: ‘
show 2:15 A spacing between the Jayers by X-iay difffstion..
tho polymer swells and the X-my diffraction:pattetrs
 the. tubular sheetr have vmrofled. 'l"likpm&:et!s“

62L11001LS"

; In additfon to being vulnerable to sttack: hy addqmﬁr
: cumstanccs .na.xm. asbestos filrers aro akso mhiect hauackby

5 Io\md that the eonccntration of magnesivm in the oxtract was' relativel
“ting the Brst 34 hours of Soxblet extractior’aiid. therv begin:fo decre
decrease fn magnesiom concentration was atcompanted by the-for i
precipitate of amorphous magnesiom silicate:*Alter the 3nftiAl - rq)id N
magnesivm and silica arc renmedinanmbpmpoﬂbm‘toﬁre . '_
| camposition. Whether the removal of silica prococds: by way:of solutideg
} " . the farmation of colloidal silica is yot to be:detérmined. .Thete:
- .= - however, that chrysotilc f« slowly sohbh"ﬁ
tinoous extraction.
: For. crocidalite, Thompson (68) reported: that: :
' sodium are removed hy Soxhlct extraction. with mw %'

was equivalent to that of alkalics at compom

Chrysotile ' :'-‘i".i" :
‘ Numerows investigators have studied the symhais of c’ﬂ'yaolitc
f tine mincrals. These studies were motivated. efther. by ol
' or by the desire to gm\vlnr:osynlbﬂkayshl!.hﬂ'
. tile was synthesived as cly as 1927 (34) but- bcfummm
i microscopy and sophisticated X-ray diflmaction techniques, R was.: ne
to distinguish among the ininerals of the serpentine group. The mero:
the chemical analysis of the 1eaction products matelhed that of s
j rot be considered distinetly dinguostic for chrysotile. ..
! Chrysatite has l»omu z)'mhc\lrm? onl)' nndrr h}‘drolheml .

mm Inuk ‘IU) G TUOOSOLE Dt ol
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.57 product which was cﬂher platy or taBulsr; depénding on ‘otfier factou. "
!ﬁ‘h‘md soulfum chloride. - the: resetion. mixture. Tiicreasing tho st
- the- tetrahedeml. laycr by substRutfrig: siliconswith: germanfumy rosulted: b
*?tapent!ao minerol which formed  lasgeplaty, - hexagonal: crystals. . Stmi
- portial substitution of alumisum fn both-layers. yiclded -platy a!um!nm
penﬂne" (MgAD) (AIST,0,,)(O11),. Another  serpentine -phdse was also. syns
. thesized from nickel and germaniuim Ni,Ge,0,(OI), which also had a plaiy
structure, It twas not possible to producc serpentine-typo phases substitutlng:
manganese, xinc, cobalt, iron, chromium, or gallfum for magnesium. This,. bow:S2
ever, docs not preclude the possibility of trae. amounts of these jons. besd
pmoent in matuml or synthetic materials. The authors concluded that the tubs
structure of chrysotile is not only a cmmqnm of tho fon sizes, but
oxternal influences as well.

‘. Amphiboles

- Tho amphibole mincrals can be synthtsldd by eﬁherp)’mgunic or
- thermal methods. Recent studics nt the Institote for- Smahuiembby'
grad, aro probably the most comprehensive In this Bold: Aiphiboles o
freorine substituted for hydroxyl were produced by heatinga mixture:
. and flvorides to 000-1100°C in tightly closed platirum or-ceramic wue - !O)‘
227 7 Th mineral phase and the morphologic > ctedagendy
on the composition of the initial mixturcs, th¥ Mmmﬁm thé temponk
ture. Tho isomorphous scrics of Sbrous ﬂnomnmpbibolu included: a- \vida“
varicly of cations comprising a mixture of N& or 06 dtvalent W
plus cithcr My, Fe®, Cr**, Cu™, Co®, NI, Mn®, or CI%Within the remction
mix, crystals of 0.5-1.0 pun In Icnglb and 0.1-2.0 4 in” diameter were formod
with erystals ns long as 20 10m on the surface of the reaction mass, The physical. -
propertics of the synthetic fluoroamphiboles were stated Yo be superior To the
best natuml varictics with tensile strongth of £0,000--10,000 lglcm' Thermal
decomposition did not eceur until the temperature execeded 900°

Hydmxy amphil'oles containing combinmations of Na or Ca p!us cither Mg®,
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tisnes of 6 hours to 3 days, fibers as Jong as 4 1mm were ob
] ranging from 0.1-1.0,. The hydrothermal fibers were (00 sl
3688580 thoir mechanical propertics. Thelr thermal stability was of the s

mh@ilculc as the natural materials.
‘ YIYSICAL, PROPERTIES

TendfStrengih -
'A& fs used primarily as a reinforcing fiber. Its tensile strength is, thise
fore, of prime significance. The measurement of tensile propertics is complie
by the combination of short length and small diameters resulting in a wide '
of valucs from the same type of fiber as reported by Badollet (2). Zukowsly
and Caze (86) showed a strong dependence of strength on filer length withy
maximum valucs of 61,000 kg/cm? and 58,000 kg/em? for crocidolite and chrysth
- ey respectively, .with a._fiber length of approximately 2 mm. Motion pictory
..~ showed:that fiber failure nornally occurred by rupture of weak fnterfib
" - 2 bonds, rather than truc (ensile failure of a fiber. Using a newly developed
+ . Altensile machine, comparable data were oblained by Burman on a vare

S

e asbestos fibers 4 o long and 10-20 it diameter (33). Crocidelite and chi y
oo tile had the greatest strengtly followed closely hy amosite, with the ¢
' amphiho’es significantly weaker. More recent work by Burman (13) in Tab

TARLE ¥
Patvsicar. Prorkurits or Asnesatvonst MiNEKaLs

Avernpe .
. scctional aredldyl
] Tensile strenglls Youngs modulus fihors test
[ Ore snmples (X10%, kg/em?) (X 10° kg/em?) (%10~ ol
. Clirysotile, Ariznna, US.A, K 1.4% 2,077 (-:.o—q
Chrymitile, Thatlord, Canada 37.1 1.49 2.13 o
Cruckinlite, Knegne, Cope Provinee 20.0 1.8 1.68 o
Cracidolite, Knepne, Cape Provinee .5 1.5¢ 1.8 =6 —
Crocilblite, Pomfret, Cape Pruvinece 47.5 1.2 1642 —
Crocidulite, Pomfret, Cape Provinco 30.2 1.78 ¥
Crocidulite, Cochalambo, Bolivia 14.7 1.73 Q.Q% o
Amosite, Penge, Transvaal 26.3 1.40° 2.9
: Awmvmite, Penge, Trnnsvaal 20.2 1.4G 1.8
' Anmdhophyllite, uskilln, Finlaml 25.0 1.80 0.93

ceasts doubt on the validity of assigning specific tensile strength values to
asbestiform mineral, although the same relative order #& maintatued. Al
appear to have strengths Jess than the theoretical value of over 100000
: attributable to silieate chain structuwres. The fact that chrvsotile n;ul
, the amphilioles give so nearly the same valoes has Jed Whittaker (77) o sugy
that the fher strength f affectod wmore by the erystal Inperfections fi
during fiber forntion rather g by the atomic armangement or stria
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consistent with the hypothesis that amphibole fibers are built
agg erystallites held together by IT—O—I1 coordinate linkages or
orces. Chrysotile fibers, on the other hand, are bundles of finda-
rchatively constant diameter, but varying Iength. The difference
it chrysotiles is best exemplificd by Coalinga fber (1ig. 18)
Pers consist of overlapping Bbrils approximately 0.5-2 x4 long
or,. ond Jeffrcy chrysotile which has long fndividual Rbrls

. can akso exphin the gradual time-dependent loss in strength
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Fic. 16, Flectron mizrozraph of Jelfrey chrysotile. X6000.

of asbestos. fibers with increasing temprrature helow the decomposition tem-
perature of the erystal. Smidl losses of water in the early stages of dehydration
for both chrysotile and amphiboles are probably associated with reduced edge-
wise bonding between the fibrils or crystallites comprisineg the ashestos fibers,
resulting in redieed “tensile stienath” of the fiber.

Nurshness

The terny “hooshoess™ s relae d t the Mlesural medlolus of e asbestiform
U I S S I ) Lot "o ETIEE 1 Y e
PR e e e . \ . R N S A

EELIT0OLS
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<

even in the finest fibers shown in the cleciron micrograph of Fig 17, Although
most chrysotile fibers are soft, scmiharsh fibers are also commerciully available.

| Harsh. chrysotile fs not wsuzlly commercially significant. The differcence in the
nicrographs of Figs.

sppesrance of fiber masses is well illustrated by the photos

m‘”d?”--‘}_ o

Tiarshifibers yic!d an open, bulky, fast-Bltering mass. Flexiblo. soft fibers

. form stringy; dense-masses with slow filtration chiavacteristics. This speeiseat
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¥z 18. Soft chnysotile. X150. .,

tribute of soft chrysotile is often a serfous disad
niques employed in the manulacture of mbcstos-eemcpmd besly
chrysotile fibers, when cconomically available, or crocidolite can . plrlﬁ?te-
place soft chry sotile to improve filtration. Chemical techniques may also be used .

to nccomplnb the same objective cither by adding polye lectrolytes (l)"orbr
. treating the fiber wih sodivm silicate (58).

Conslderable rescarch has Inven devoted to correlate harshness \WW
mental phiysical or (‘lwnnml fulnr'c. Waoodroofe (50) has Indieated a retation.
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(1) bave patonted o temiue for inereasing the hashines of chryzotile by
- fash coliinineg in the o of 2007 C ta diive off part of the cianically com.
EBined water More recently, Langes aned Kerr (37) Donve fndicated a correlation
bl
. Pwith fne mincral Btergronths in the bundles of fibrils compeishingg diryaotile,
] Another Ty pothesis is 1hat hanhiness is related to the relative contents of the
ftwo crysiallographic forms, clino-chrysotile amd ortho chrysotile in the fiber from
'8 specific sonrce (Whittaker and Zussman (77)).
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Thermal Dccomposition
Asbestos minerals, despite their relatively high fusion temperature, are coes
pletely decompoted at temperatures of 1000°C or lower, depending on ¢

v

mincral specics. '
The course of the thermal decomposition can be followed by three differet

but interrelated techniques: differential thermal analysis (DTA), thennogravs;:
metric analysis (TGA ), and static dehydration.

The actual decomposition phenomena in amphiboles are extremely
cated and depend on the type of atmosphere and particularly on the spe
amphibole involved. Typical curves for the hehavior of crocidolite in afr'#
given in Fig. 20 from Jlodgson (33). The fist cheinical change, correspont

~
. o~

A s

o!f\'orm(c

A? Ex

Endotharmic

<<

TGA -

/I’{’I’—J' . 1

= e
100 200 oo Q0 300 00 100 [1-1) %09 1990

Temperature (°C)

Fic. 20. Theanal analyses of evocidolite in oxygen.

to an apparent loss of water, occurs at 420°C with the final decompositia
the amphibole inta a pyroxene mineral, eristobalite, and fron oxide occurrivi
800°C.. This water s formed by migration of protons which are oxidized
surface by oxygen in the air. :

The other amphilzles losc water primarily by condensation of hydroxy
Oxidation of divalent fron has a profound cffeet on the thermal bclnnv&‘ﬁ‘i
these minerals and this becomes very evident by comparing the reactions in afe.:.
ancl in an nert atmosphiere Noth the dehydroxylation temperature and (hm-«-:
position temperalere appear to fnerease with fnereased MgO oomtent in. tbé:%:
different amphibole species. Hndgson (32) gave a detidlod l"\an'mrnlal.ahim-"
theoretical review of these plicnomena, which imclude loss of phy sically mms“

" Yy ° =

<l . v s :
LR L O R T Y O
s

decompasition products. These thermal mlasis technisgnes have proved passs -
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;c:l!é,;urizing amphibole semples from different locales. For
erocidolite exhibits characteristics of both antlopliyllite .und
v Fransvanl species is often an Intimate mixture of crocido-

.

Bynamic heating conditions (DTA), dehydroxylation occurs
N50°C with formation of lorsterite and silica, about $10 C, as
s static Jehydration experiments, the initial water Joss helow

e .

T

DYA-;

b e

PERCENT WEIGHT L033

EXDOTHIRMIG oo O e EXQ THE

T SRNDUE SUUUS TR SUSOVOON OIINON PR S Y
100 200 300 400 500 €00 . P00 800 200 KOO
” Pl W G'.
YEMPLRATURE (O
. €G]

i,

Fre, 21, Thermal analy

LR

[

patterm (12, S0). Mastinez (1) has swunmarfzed the various theories for the
atomic rearrungoinent during the dehydmtion and fornination of forsterito. The
simplest approach to deseribing the decomnposition above 500°C (static) Is (o
consider it as a three-step process: the solid residue of the first step ( <600°C)
is a slightly hydnmted amorphous magneslum silicate with a minor amownt of
poorly erystallized forsterite. This is followed by the fonmation of well-crystal.
lized forsterite with some residual amorphous material at 600-1000°C,

Finally, heating above 1100°C yiclds a misture of enstalite and forsterite.
This generalized scheme has been confirmed by comparisons of Infrarcd specira
of heated chrysotile with those of mixtures of pure synthetic inincrals (61).

Many investizators have studicd the thermal decomposition of chrysotile
from a wide variety of sources, and all have heen found to yield essentially the
same DTA crves. Recent stndies with an extremely sensitive dolont NifTer-
ential Thermal Analyzer have diselosed significant differences between  [iber
from different sourees. For many chrysotiles, the 630° dehydroxylation peak is
rely a doublet (33). This doabliet phenmmenon wae firdr alo gl 'y Mar

A;{..d")w“c is much simpler and independent of at-"»‘

L
—
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O
—
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.- mechanical impact, and are wsually given their final opening by the:
= gomumer, often in the actual niving or processing operitions.
"~ Normally as the fibers hecome more open, the additional encrgy

S e AP @ M Gt @ e v me. w— = e mieam s . . .
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RO

. : RS Se
tinez (10} in a mizture of tho sampl s of the sine fiber which had ‘M‘L?.... 9
jocted to different degrees of tensive ginding, The dependence of .doh
ation temperature on particle size in the aalogous minerad Kaolinite -wa 5
reported! by Speil (£8), 1t hus not yet been detennined wlicthier thesa ref
ohscrved doublt puaks in specific chrysotiles correspond to two fiber d

populations or to some other phenomenon.

Mcchanical Disintcyration

Yor cffective reinforcement, the asbestifonm mineral should be R
the degree revquired by the specific application. Mcchanieal milling o
is the basic method of fiberizing ashestos minerals. 1deally, the fiber: S-S
shiould be opened without reducing the fiber length. In practice, the TG
shoitened 1o a degree controlled not only by the severity of the mociiig
action, but even mwre, by the Drittleness or harhness of the mineal. 1]
chrysotiles show mininmum Iength disintegration during opening while;“ses
same mechanical altrition, the semibiush and hansh chrysotiles are -sh
significantly, Amphiboles are even more suseeptible to length ath

*6EL11001S

for further opening increases rapidly, imposing a practical linit on the:
of subdivision attainable in connereinl milled products. Reeently, 12
grinding tests with an infensive dry grinder' showed that jt is possible to
destroy the strncture of cirysotile so that it is no loager identifiable
X-ray diffraction or by the clectron wmicrogeaph of Vig. 22 (60). JefTrey
heated to 700°C for 1 hour yiclds an amorphous material with exactly e
appearance when viewed by the clectron microscope. This suggces
changes abserved wih intemsive grinding were nctually caused by _
localized tanperature surges in a fibril as it absorbed the tremendoutt
cnergy, To substantiale this hypothesis, chrysotile was subjected to o
dry ball milling which yiclded a similar appearing amorphous mass, W,
which precluded the possibility of attaining localized high tempera
dueed short ultimate fibrils which maintained their cerystalline forms=
casily identifiahle s chrysotile. ;
These observations have been used to explain the results of contre
wear tests pecfonned at the Johns-Manville Rescarch and Fngineerd
(65). Wear dust was colleeted from passenger car brake linings sub
series of stops sirulating pormal traffic and highway driving. Air
and dcbris in the brike drams were collected separately and analyzed contgll
The ‘compusition of the inarganic feaction of these residues matehed th
original brake Tning which econtained a total of 707 chrysolile. No
was observable in the wear dost by ther X-ray or optical microscopy. .
tron micrograph of the dust is shown i g 23, The mesemblanee Tetw
and ehrysotile, which bad been mechanically (and, presunably,

-

. PSpeee Mine ANE il ter, o By Spex Dehiabide s, Tras, 300 Bak Yva e ‘1:'”
New Jersey 05819, o :

o A~
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Frc. 22 Electron micrograph of Spr.t-mt'"ﬁ‘ chinyeatile, X11,250,

E decomposed, is apparent. Despite the fact that  thermocouple. measurcments of 7
the brake drum temperture did not exceed 275°C, theoretical ealenlations indl- =555
2 cated that the temperatures at loculized points of contwel: exceeded 1000°C.
Minute fragiments of chrysotile fibrils could be observed In some of the clectron |
micrographs and a modified point count technique was devised to detennine

the chirysotile content. Conservative estimates of the chrysutile content by this
method showed that more than 957 of (he chryvotile is deatroyed during vonnal

brake usage. Similar studics by the U.S, Public Health Service substantiated these

results Tor normal driving conditions (338).
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IDENTIFTCATION

Thoe positive identification of the ashestiform mincmls is highly dependent
upon sich factors as the physical form, the presenoe of contaminants, prior
mechanien!, thenmal or chemfeal treatment. The variable natore of the amphi.
boles makes it necessary to chassify a particular sumplc as "most closcly re-
scmbling” a specifie mineral species.

Tt Is abivious that, even if suficient naterial is available, simple chemical anal-

yxis is not suflicient to characterize nn asbestiform mineral Heommse all ashesth

IHLII00LS

form minerals have mascive connterpants with the same chemienl composition,

ST0011741
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Onc must, therefore, rely on a combination of methods. ‘The mcthods most fre-
quently used are chemical analysis, petrographic microscopy, X-ruy diffraction,
electron microscopy, clectron diffraction, and differential thermal analy? s,
Perlaps the most reliable method of kdentification for particles down to a
 few microns in diameter Is petrographic microscopy. Using this technique, the
_ fwous nature of the spedics Is evident and the optical properties can be used to
determine which species is present. Aimong the amphiboles Bowever, the vard-
able- composition may nlso cffect the optical propertics, so-that again positive:: .
_ Kentification: may be difficult. Tn such cases,;X-may diffraction: and chendeal - .
“analysis or DTA can be used for confipmatione< =% 2 o S 5}?‘“
JI .the size Is below the pructical working:Amit: for 6} mk

¢aL1 10018

electron microscope is the proper. took This:
_about the shbx and shape so:)!:t : - 56
specific amphiboles. The tnbular-sppe: @4 OB |
: a m’«ﬂ . ﬁ li ] '“‘_-.;.- g. ._,,.’?:

microscope s specific. Whén electron diff ractions sed fis tonfime LA
tron microscopy a better, but still-fic¥-tondledve; Tdentifliéation: of ampliliotes™y .
is possible. : R S
The clectron microprobe fs a relatively recent-developient which is proving -
of great value for the characterization of -small:imounts. of . material. With this....
instrument it is possible to obtain a complete chemical analysis on a particls
as small as 1. It is also possible to stucdy the same particles with both the -
clectron microprobe and the clectron microsenpe, thus making a more compléte

chamcterization possible. ’ .
ashestiform minerals used for- * .

Table VI is a listing of the propertics of the
their characterization, '

; SOURCES OF FIDER L oo
. Hemdry (30) ot the 1963 Conference on Rlologic Effects of : Asbestos- sumperiis
marized the pestinent aspects of the occwrreron, prodddlbﬂ,‘andmtnmmﬂlﬁ

applications of asbestos fiber. : . Cu o ﬁ:if
asbestos- 31968 (43). Prodwess ’%:’

Table VII presents the work! production of. 3 :
the rc{nt_lvc standings:of the producing, .’

|

! tion has Increased with few changes in

! , countrics. ! LR :

I The major diflcrence is the great incrénsc-iﬁ‘Rmsian-sw'\idkm-whkﬁ-mwﬁié
outmnks Cannda s the major produccr. The inerénsod predition- i the Unlted: ¢
States over the past few years Is due to the recent development of the Coalinga
fiber deposits fn California. One important change: since 1900 ks ‘the closing of .
the Austmlian crocidolite mincs and the eNmiation “of thi¥-source from the =
market. Thus, South Africa remains as the one significant arce producing crocid-

&
f olitc nand amosite.
»

3

.

Chrysotile accounts for approximately 95% of commurcial ashest rysot
asbestos frorn Quebee is available in more lh.tm 30 stanclard or Spoc{?lbt?; grmi't:
to meet spacific requirements. Some 6f the larger asbestor mille, such as that of
the Jellrey mine in Asbestos, Quebee, produce many of these grades” simul-

tanconslv by a complex system of continimng crushine, sercentne. and aselrotion

from the same mill feed material.
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ASHFSIOS MINENALS IN MOEN 1LLHNOLOCY W
—
TABILE VIt (ws
Pronverios oF A-wesius N 1266 . [we)
Countsy Ne. of short tons —
[ U SRS S SR E -
Xorth Amerien -
Coanadla (xalon) 1,470,281 L&
United Ststes (=Lipments) 5,928
South America
Argentina 250°
Bolivis (expnrts) 4
Brasil .ISIO
Furope
Awstris --
Bulgaris 1930
Finland 13,250
France 7770
Greece R
Italy 00, 101
Yortugal 10
USS.R 1,872,0000
Yugorlavia &I
Alrica
Dotswana $S0°
. Konya 73
= Mogambigne —
Rhoderia, Southern 173,000°
Sonth Mriea, Nepablic of 276,597
Svwaziland 36,142
United Arab Republie (Fgypt) 2057
" Asin
China 140,000+
21,449
India 7618
Japan 17,007
Koren, fouth os?
Phillipines —
Trivun m
Turkey 1258
Ocennin
Arwimlia 13,452 .
New Zmland —
Workl Total 4,207,000 - .'..:

} Unpubilhod dnta conshderal to ba 1clialle (not from Minernls Yearbouk).

All fibers from Qucbee are classified by a standandized system which, with
some modificntions, forms the basis for other classification systems in use
throughiout the workl. The longest filers are Croups 1 and 2, with fher lengths of
over X in. and from % to ¥ in., respectively. These consist of hand-selected cross.
vein fibcr and are termed “erude™ ashestos zrades since they are nonnally given
final preparation by the ultimate user. Cioups 3 thmugh 7 are elassified as
“milled” fibee with decreastng fiber length, os mensuncd by the Quelier Starnlaed
Seceen Test (T). Vach wicup is facher suhdivided into a nnber of sub-
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grades. accorling to thelr “crodiness. ‘content: of: grit, W ~ Al
ard _ abmorption proportics.. Subgroup  fibors.. {rom - differont : sources- &n
necessasily interrhangeable for spocific ond' ipphications:. In.tho-a A
“cronly” Tiber i+ ono which containssa: large-mwmbér: of ‘wnoponed Hlirc
those fiber sulizrdes in which the Sliers have been well fiberized or 3
arc known as “opencd” grades. ) o : :
Table VIl ;;i‘:t-s the approximate distribution by grades of ch
produccd i Cmada and the United: States; as compared to that pee
the USSR in 1966 [

TABLE VIl : o
Arrnvoxiaare Provvenox or Currsorne Finkns »Y Granrs

SHL1100LS N

rmle USS.n. U.S. and
Xor. 1 Chde .
No. 2 Crinle .ls'm
3 130,000
caed B8 180,000
w8 650,000
S 390,000
7 830,000 .
~Applications

The commercial applications of ashestos are so numerous that thi
~can do no better than refer the reader to the many exccllent texts wi

quately cover this subject (8, 62). The uses range from asbestos-cementy
or floor tile, which consume Tundreds of thousands of tong, tu specialty?
applications which inay consume only scveral tons annually. Asbestos:
a great varicty of products n combintion of propertics wiich:
attnined hy using other materials. It strong fibrous form reinforces oth
such as plastics or coment, or controls viscosity of many systems;
matuve Is impoitant for resistunce to hent and chemieal or environ
fts fine size contributes Rltration cMclency and insulating ¢
dance and low cost are significant factors in promoting commercial

On the hasis of relative abundance alone, chrysotile will be used;
possible in preference to other forms of ashestos. Where a combinatl
treme bulking characteristics plus Tow water content and high tempé
sistance are destrable, c.g., thermal Insulations, amosite has usually- HEENSEEE
ferred. Applications requiring resistance to acids usully take adventel
relatively o acid resistanee of erocidolite. Textile products
sitky, Tonger geade of chrysotile althongh crocidolite has also
acid-resistant textile forms, Cengraphic considerations may exert
fluenee to increase the usage of specifie amphiboles, such as ant
Finland or the crocldolites In South Africn, Anthophyllto has o}
advantaes over other asbestiform minerals tn reinforcing polyp
neteand I aned entensively for this purpase.
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In general, specific grades of chrysolile have been developed by the asbestos
fndustry for cach market. Althongh the Jonger fibers are considered to be of
_better quality, it would be just as impractlical to uso relatively Jong 4-grade fiber
“in floor tile as & woukl Le lo altempt to make sulisfactory asbhostos paper or as-
- bestos: cement products with 7-grade fbers. In fact; sone applications may cven-- - -

-

© roquire: the ‘presence of a considerable amount of the nonfibrous, fine-grained - -
- particelate:serpentine which is contained: in some of the 7-grade subgroups. "-
535 Norwally, tho consumer sclects the least expensive grade of fiber which will
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cosmetic applications. Figure 24, an clectronmicrogmph of a typical bene-
ficiated industrial tale, reveals the presence. of comsiderablo fibrous tremolite.
Approximalcly S0CO tons of tale arc used annmally as a currier for pesticides
(71). Windom et al. (79) investigated the distribution of tale In the atmosphere
and in glacier and snow samples to study the migration of pesticides. Their
samples covered a world-wide geogrphic distribution. In practically cvery
sample, amphiboles were detected along with the tale, as might_be anticipated

from the common occurrence of amphiboles in tale. - Cwee
Cralley (14) et al. have recently investigated 22 cosmctic tnleum products. All -
had significant fiber contents ranging from $'to 307 by count of tlic total tale -
particulates, and averaging 19%. The fibrous tale included tremolite, anthophylite;
and chrysotile. They made special note of the fact that cosmetic talcun prod-.
. ucts shoold be inclwded as a source of fibers. from.which may be.derived ferra- i on
" ginous bodies observed in the lungs of husrams.* "2 DU L B
7. . “In another investigntion by the US. Public: Hiéalth Service of the source andd =
-
I v
(&)

7 idontification of respirable fibers, Cralley<(13):motéd"that: there are; more thamin
"+ 1007 dilferent: natural minerals with somé dégresiof. itrous: structure: which-mayy 2

ey

‘occur in respirable sizes. In addition to the asbestos. minerals, . these included :
~ fuller's carth, zeolite, vermiculite, calcium carbonate, gy psum, pyrophyllite, tale, - -3
.« kynnite, hornblende, mica, magnesite, a*d ‘many others. i
~ ° Pure scrpentine is considered to be composed of nonfibrous antigorite or- - iWE
w7 Brandite based on petrographic and X-ray cxamination. Ilowever, clectron. . '
microscopy reveals the fact that all scrpentine rocks contain significant amounts
of chrysotile. Figure 25 is an clectron micrograph of a pmctically translucent:
“muscum grade™ serpentine specimen from Warren County, New York, obtained .
through Wards Natural Science Establischment. Despite fts.apparent content of .-
approximately 207 of fibers, optical microscopy showed no chrysotile whatsoever.
_ Fxamination of many other authenticated samples. of “pure_serpentine” h
revenled the presence of chrysotile. Serpentinesrock. depositiiave widcsprew
throughout the world. Tn the United States they form the Franciscan serpen
belt nlong the entire length of California, just as they form much of the Appa.- 3
lachian range on the East Const. They are used as the basis for' many large-soale- 7
applications, such as ballast, mad construction, aggregate, building stone. Dur
ing grinding and preparation for such commercial usage, there could be oppore -
tunity for escape of fibrous material. S S e L

R S

......

' CONXCLUSIONS e
It is important for the medical investizator ofthcbiologiem of ashesti~. .
form mincrals to properly undenstand the wide- dicérsity: Betwaintbie several ine -
dividual asbestos mincrals, the ubiquitous nature of ‘thelé-oceurrence, Loth in
commercinlly valuable form and as Imprrities in other materials, and t.hc wide
spread existence of many other minerals with fibrous form. It Is only Ly relating
experimental biologic cvidence with the variations In physical size and form, in
physienl strength attributes, in physicochemienl surface reactions, In chemtend
reactivity, and In assoclated inpurities, that we can ultimately arrdve at valid
madienl conelusions. ‘ o
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