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Asbestos Minerals in Modern Technology
e
S. Srrm AND ]. P Levzweser

Johns-Mancills Rescarch and Englueering Canter, Manville, New ]cncv
" Recelved August 8, 1968

Asbestos is a gencric term for a varicty of hiydrated silicate minerals which
have one common altribute, namely, the ability to be separated into relatively
soft, silky fibers. Although the name is ordinarily associated with those varieties
which have technologic importance, it is applicable to all minerals which §t the
sbove description. The lerm “asbestiform mincrals® is perhaps most descriptive.

The known varictics of asbestiform mincrals cin be divided into two main
classes on the basis of their crystal structures: serpentine and amphiboles. The
sole member of the serpentine cfass is chrysotile asbestos, which is by far the
most common of the asbestiform minerals. It accounts for more thtn 95% of
the asbestos fiber produced today. .

There are five recoghized asbestiform varicties of amphibole: croc:dohte,
amosite, anthophyllile, trewolite, and actinolite. Although the amphiboles are .
common rock-forming minerals, the asbestifonn varictics are much less abundant
than clirysotile.

The physical and chemical propertics of the asbestifonn minerals can be
directly related to their crystal sttucture and chemical composition. In tumn,

- the physical and chemical properties are responsible for the commercial im-

portance of asbestos. It {s understandable; therefore, that great emphasis has
been placed on the elucidation of tho structure and composition of these im-
portant minerals.

Several comprechensive reviews on the asbestiform minerals have been pub-
lished in recent ycars, including Hendry (30), Gaze (25), Hodgson (33), and
Dcer, Howie, and Zussman (17). The objective of this paper is to bring this
information up to date with particular emphasis on reeent developments con-
cerning the physics and chemistry of the asbestifonn ininerals. In addition, the
uses of asbestos will be discussed briefly in relation to the properties of the
individual species.

OCCURNENCE

The epigenesis and occurrence of the asbestiform minerals have been the
subject of considerable geologic and petrologic research. Chrysotile and amphi- -
bole fibers are found in cntirely different geologic formations. Chrysotile was
most probably forined as a result of two separate metamorphie changes in
ultrabasic rocks of voleanie origin. 1he first stage involved the fornation of
serpentine by the hydrothennal alteration of the original rock. At some later
time the chrysotile wias formed in erucks and fissures in the rock by rcerystal-
lization of the serpentine, again by an aqueous solution and reprecipitation pioc-
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Fie. 1. Cruss vein filce chrysotile,

css. In most cascs, chrysotile occurs as “emss fihiers™ which are oricated in a
pamllel aeray across the veing in the <crpentine rock as <hown in Fig 1. Ocea-
sional occurrences of “slip fiber™ are found ‘n which the Bber is oricnted parallel
to the vein as <hiown in Iig. 2

A notable cxception to the nonnal mnde of occusrence of chirysotilo is the
fher found in the New [dria serpentinite of Western California and at Stragard,
Yugoslavia (15). The New Ielria fiber is geuerally referned to as Coalinga fiber.
The great hulk of this depasit eousists of soft powdery pellet ke agglomerates
of chuysatile as shown In Fig. 3. The material may be the result of intensive
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e 'j'f‘"_"" ' crushing, and pulverization dwing or after serpentinization. In addition to it

s T guusual mode of octurrence, Coalinga chrysotile is also wnusual from the stand-

’ point of its physical structure. This fcature will be discussed in the appropriate
section of this paper.

“The gesis of the amphibole fhurs is not as clear-cut as that of chrysotile.

Their name, teken from the Greek waid am, hibolos, meaning ambiguous, is

a vary apt choice. Figuie o is a typical example of the mode of eccurrence for

crocidolite which is found in the bandd ironstones of the Transvaal system of
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South Afiica. They are metunorphicod 1ods of sedimentay miging which
accounts for the variability in coiposition of the Niost 1cels and concerquently
of the Hler. The ouly siznificant occunienee of awerite ic alw found in this
aren. Crocidolite s found in other Lncas, including  Baolivia and Wostain
Australin,

Asbostiform antlaphyllite is found in many plices theonghout the wald,
-Lut there are only a fev: depanits of conmercial importance in Finlwd and the
Un“ed States. Teemolite and actinolite are the resolt of metamorplitsm of car.
bonate rke. They are widely distributed in nature, but of little coruncrcial
significance. Tremwlite §s a very common contaminant of cummercial tale,

CRYSTAL STRUCTURE

Chrysotile
The erystal structure of chirysotile asbestos was fist determined by Warren
and Bragg (72) and lder clucidated by Warren and Herring (C9). “These
mvestigators determined that the mineral has a layered-type structure similae
to the mincrals of the kuolinite group. The Lasis of the structure is an infinite
silica sheet ($i.0,). in which all the silica tetealiedra are pointing in the same
direction. Attachied to one sid of this sheet is a brucite Mg(OI1), layer in which
- two out of cvery three hydroxyle are replaced by the apical oxygens of the silica
tetrahcdra. The result is a double sheet as showa in Fig. 5. The mismatch in the
dimensions of the silica and brucite sheets introduces a strain in the ‘structure.
Better matching of the Layers and relick of the strain can be accomplished in’

three ways,

1. Substitution of larger iuns in the silica sheet or smaller ‘ons in the
beucite shect.
2. Distoction of the octihedeal hiucite network or of the tetrahedral siliea
~ nclwork.
3. Curvature of the shect with the hrucite layer on the auter surfnce.

OXYGEN-HYOROXYL .
iom o LAYER

UNIT CELL COMPOSITION
Mg, (0'), %,0,,

BURG-UP COF SHEETS mTO FUNDAMENTAL FIBANS

[——-—— B —
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Fie. 8. Fundumental dievt of chryentife,
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Faer sincs the finst electron microgniphs were pubilishied showing the ap-
parcut tulmelar structuie of ¢heysatile (7, 50, 70), tiere has Leen comsidemble
controvensy over the morphology of the flers Whittaker (76), by mcans of
arcful X-ray diffraction studics, demonstrated that the lattice was definitely
cunved. o ,

Although lic was wiabile ta shaw whether the structure was a cylindrical are,
a closed circular eylinder, or a eylindrical spiral, he favored a spiml structure.
The tubular concept was supported further when Maser, Riee, and Klug (44)
published the clectron micrugmph of Fig. 6 showing an end-on view of a
chnysotile fiter bundle. ‘Ihe Sbrils were definitely eylindrical and included many
which app=ared to he pirs of concentric cylinders.

r”.--‘. ® ¢ e IHEERP evem @ PN ID SR Y PO 4 SUERpURE wap - $ YRR
° . .y, ’ . .

.
. e s san Ot e

PR . M .
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‘Fre. 6. Fletron micropraph of elinsotib: cime sevtion, X 193,000, Reprinted with pere
missiun from American Mincialogiit 43, 680 (1970),

A rccent paper by Yada (S)) has furnished what appears to be the final
answer to the structure of chinvsatile fibrile. By means of high resolution clectron”
microscapy, he was able to obscrve the actual erystal lattice planes Loth parallel
and perpendicular to the fiher axic. These pictures, Fige. 7 and 8, show that
most of the flwers have a hollow cylindrical forn. The luttice plancs have ae
multispiral arangement confitming the prediction of \Whittaker (76). Also ap-
parent fn several of Yada's pictures is the presence of erystallogrphie disloca.
tions which strongly suztest that the hacie structural unit consists of a single
magnesiasilica shewt, rather than a double sheet as peeviously postulated by
wost anthars. Yada's olveivations oo eonfirm Whittaker's hypothiesis that the
basic spiral clonent comsists of Eve silica magnesia unite with approsimately 10
silic.a taziesia units Forendneg e T6 A wall of o single filvil,

Ocvasinzal fibas were ol which sere solid rather than holoee, )

-
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-
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though these fibers wie selatively cmmmon in the <amples, they are not ciough
to aceount for Hu. diccrepaney hetveen the icasured and ealealated densitics
repurted by Iadisack (53),

Onc final point slould be anaude about the Yada mderographs, The outside
surface of muat of the fibere shows the prscnce of highly divnrganized of
amorphious material. ‘This is the result of damage to the outer layer of fbrils by
the clectron beam under the conditions of obssrvation. s

There are two other scrpentine materials found In chrysotile-hearing: n&s-—-»f:‘:
Nzandite and antigorite (20). Thcy both havo the same chemical com
and the same fundamental shoet structure as chrysotile. The differences ‘aemig
these minerals reflects the way the strain in the crystal lattice has been n!u%
Lizardite, which is the principal constituent of massive serpentine, gencrally Nas e
an ettrc-me!y finc grained, platy morphology, visible only under the ¢y
microscope in most specimens. Its structure has not yet been cle:idated, buffm :
X.ray dilfmction patterns indicate flat rather than curved sheets. Ant o
the other hand, docs show cvidenc;“of curved d\ccu.u;l'h\vo of fts ‘:dm . -
mensions arc equa! to chrysotile, the third Is much larger %
This thied (b) dinension can vary from 1852 to as Iargo as 100 8, eompona" e
to the 9.2\ value for chrysotile. It is helicved that the structure consiste of- ﬁ---
undulating shects the periodicity of which corresponds to the variable imit cel _ff

dlmgmlon. oTTE

Lo T e eyt
e . modye

The basie erystal fonn of the amphibole mincrals is less mml,hc-\tcd than
that of the serpentines. The basie structural unit is a double silica chain (SLOn). . - -
As in the chrysotile shects, all of the sillca tetrahedra point in one dirrction. - . 7.
These chains are paired, “back-to-back,” with a layer of hydrated ctions fa =&
between to satisly the negative charges of the silica chains. The fnal structire g 3
is formed hy the st.ukm of these sandwich ribbons in an ordeed errayt::
pictorial concrpt of this structure Is shown in Fig. 9. The varfous mineraly =0
the amphitole groups are characterized by the cations which accur In the =20
structure. The principal catiuns are inagnesium, lron, enicium, and sodium. Since - %%
the Londing hetween these rilibons is rather weak, the crystals aro casily cleaved .- :’
parallel to the ribbons along A-A. If the clc‘\hgc is very facile, the result is aw -+
asbestiform mineml, g\e -

- Por ench variety of ashestiform amphitole, there is a corresponding massive~ 7=
form with a different mineral nama, Normally the asbestiform varicties are not
found alang with the massive counterparts. Undoubtedly, the local geochemical -
conditions extant at the tiime of furmation contributed to the relative caso of
cleavage of any specific deposit and, thercfore, o its commercial utility. The
massive and ashestiform varictics have the same clhiemical compositions and
X-ray crystal structures. They can be distinguished by their physieal properties
and by petrographie examination.

CHENIC AL COMPOSITION

The chemical compasition of counncreially avaitable chr)mmﬂ fermy various
locations are skown In “Talle L Far comparicon soaluees o 3 00 o antse

g1Li1001S
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included. u& all cascs, ft K:“ :p\p‘a‘r(ensi gst(gra, comtp:mou dﬁ‘eﬂ vefy
{zom, e jdclizgd compositjon « Tho fnprotities which-
S eal vy Be port of the crystal structure ‘or due o associated miBbiNE

Frost cominon impurity Is fron. This can be in the form of ferroum(Fo™). or
Brric (Fc*) jons. It is gencrally assumed that the Fo™ can be substituted for
siticon in the silica sheets, and the Fe™ can be substituted for the magnesium
in the brucite layer. The next most common impurity in chrysotlle is slemimm.
Sincz alumninum can assuine cither tetrahadral or octahedral coordination &t can
: be substituted in cither the silica or brucite layers. Other ll\'lx:n.n'z‘tiel.v generally
. found to Le associated with chrysotile in lessor amounts than fron or elvméram,’
are calcfum, chromium, nickel, mangancse, sodium, and potassium. -

The ionic radil of the jous commonly associated with clirysotfle are given in
Table I1. Since thete jons vary considerably in size, they csn have = &t&w
the stmins which exist In the ehqwm- hukujm‘-hkh sre: larger- ten
silicon and smaller than magnesfuss Wit tent tradiy WAL
stituted in the respective layers. Alumivam - n
since it Is intermediate fu size between silicon: and

.. gorite are

' larger than silicon so it will liclp relieve the strain when substitatex
siliea layee. l"ermu iron in the brucito laycr will fncrease the suuh MI

.; TARLE 3 -7 .. .o o
.- o  Toxte Ranit 10R TLEURSTS AMOCTATES- wrTR: Crreomne. - L
s | Flement ' RN ST
: y N o Y
: Mg . -';'.Cf‘r.:': . 068 LT
' Alse - : 0% -

Ve 0.7¢

Fedr 0.8

Niee . L ) |

Cor 0.%R

Gime 0.

Mut* o ’

C'u “m -
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s larger size- Vinally, 1L fs improbable (T B vy Birpa, $50s; such ns the SR

alkali or nhl:annbb;‘ cn truly be mhmn‘te': o eny Mm l;a the
brocRe Inyer;. when present in apprectable quantiles may as “lnter>
Iryer” caticns between the primary layers. Various suthors have “normalized”
chemical amalyses of chrpoule, in'"calh‘ the pvl_:_nbb loe-tion ot the finpurity

-

jous in Ohe arystal structure.
amgliboles & moce-complex . . '

The chemical- composition of the Morm
mmammummmr«m

aro- giverr-below. In these formules, when calions: are writter: -

patenthases ~ =
withoot sabecripts, & variable mpcdtienk hd!atzd with dnm abundant -4
ot

actual identification of a particular amphibole speiles ini onwhichofe. = °

the idealized compositions the samplo n question. Wﬁ. Thie
variabilRty in composition is & direct consequerice-dE the: the structure-
can accommodate many different jons in d\e betveen the silica ribbons,
and the variable nature of the host rocks can mhﬂmto different fons to lhb
structure,

Accessory Minerals

‘me analysis of ashestiform minerals is often complicated by the fact that the _
ploe may eontatn fraements of the hest rock and its associated mlncnh.

and a!to ﬂml othcr minerals may be jntimately !ntugmwn in the hine laindios

DOW 07001

species first. ol AR
Crecidolite......... cx..n.-*_rwm o L 3E
Amoelte............... (For*, MOSOWOM - -
N Anthophyfiite.......... N P ASO0M0H. . o :_5
b - M“ oooooooooooooooo -“w L v _%4'
Actinolite............ Wbm —— AT
° »,
The rangs of chemical analyses for thesa- varfoties of mphﬂnh aro-listedd ~ %
Table JIL Detalled analyses can be found in various pub!!eltbu. (17, 83, 2). o=
TABLE 111 ‘ 7 5
Canieat. Coxrorrmnx or \snewmrosu Aurutaoiss®
Asbestiform amphihole (rangs %) .' ~ )
Crockbofite  Amosite  Anthophyliite - _Actinollts  Tremolite i
50, 1953 953 633 51-98 83-60
MgO 0-3 1-7 7% 15-20 - 21-2¢ -
nO 13-20 -4 a-n . 8=18 . o4
POy 17-90 - -~~-‘"-~"- “ﬂ-"'i'é'é'- 0-0.5
AVO, 0-0.2 - Ol-l.l RN .. 02,5
&0 0.3-3.7 - ' RN Y e T g .
KO 0-0.4 0-0.4 - 008 0-0.¢
Na 4.0-8.3 ty i - 0 1.8 . o-t.8
no 2.54.3 2.5438 1.06.0 1.5-3.8 0.5-2.8 e
The considerable varlation In composfiom which an-oeceiiibe ™ .
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Contamination due to host rock [magmcnts is common In cominercinl fibers,
In the case of clirysotile asLestos, the most-common contaminants are the other
minerals— lizardite and antigorite. While these spocics have shnilar
over-all compositions, the traco clement analyses could be influenced Ly their
prosenco, Other mincrals which aro found in serpontine masses, and which could
be found In mme;'ehl chrysotile fibers, ares mnc't“n: m.. ch!roml'l‘:‘.
calolte,. magnesite, olivine, pyrosene, tremolite, actino e, tale, a
» The ions of thoss minorals will vary considerably with the
Jocation: and nature of the deposit. For a spocific commerctal 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.
Sevoral good publications are available (19, 27, 45) which deseribe the geology
and mincralogy of the varfous chrysotlle producing areas.
Other than lizardite and antigorite, tho most cummon minorals associated with
nagnetite and Lrocite:, Both of these species often are found
0. Shera, In nany. ocoarnoes, .of the Bber bundles are
i Soagnctit ) M rock. A mineralogic curiosity which s
Sae chrysollfe deposits inclading the Jeffrey mine at Asbestos, Quebee,
8 form of magnasivn hydroxide which has boen given the name

Reimschussel (60) studicd the association of cliromium and nickel with eare-

. | folly scparated components of ore from (he Jeffrcy mine at Asbestos, Quebee.

Using a combination of chemieal dispersion and magnetic separation, the asbes-
tos was divided inte fibrillar chrysotlle, serpentine, and magnetic concentrates.

All of the chromium was found to be associated with the magnetite phase,
most prohably as an fsomorphous substitute for ferre fron. \Vhen chromfum
appeared in *he chirysotile or scrpentine fractions, it was associated with the last
traces of magnetite which were impossible to remove.” .

Most of the nicke! in the ore s also fornd In the magnetie fmetion. A small .

® (9). These fibers wually occur fn bundkes which are often soveral .

61L1.1001S .

)
W
‘e

smount may bo associated with tho magnetite, but the majority occurs as 0 -

separate phase. This phaso s the fron-nickel alloy, awaruite, wicse composition
mnges from FoNi, to FeNi,. It can be scparated Ly a differential solstion’
method proposed by Nickel (49). Finally, & small amount of nickel, about
0.008%, fs found to Le preseat in the chrysotlle lattice, most probably ws a
sobstftute for magnesium. ,

Organic Impuritics

The assoclation of benzo(a)pyrene and other organie impuritics with asbestt-
form mincrals from various sources was fnvestigated by Reinschussel (60).
The total amount of extractallo organic matter wat determined by Jong-term
Soshlet cxtraction with eycluhexane, After dryfng and weighing, the organie
residvie was analyzed for henzo(a)pyreme by thinlayvr chrusatographic
techiniques, *

The fibers exmined Included North American and Alriean cluysntlles, cvo-
cidolite, nmmssite, and anthaphyllite, Al sampha cuntained measuralde smmvmts-
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of extractable organic ukitter, ranging from 40 to S00 ppa. Thue was, however,
no correlation Ixtween the amount of arganic matter amd the amout of benzo
(a)pyrene present. ‘The Canadian and United States fibers (11 chrysatiles and
one smthophyflite) cuntaincd no detectable Ienzo(a)pyrene. The detection limit
varied with the amount and compleity of composition of the extracted organio

. matter. 1t'was as low as 0.02 parts per billion and gencrally below 5 ppb. All
of the fibers from Africa and Finlaixl, ou the other hand, did contain henzo(a)-
pyrene. The highcst conauntration (150 parts per billion) was found in crocido-
Mo from the Cape Province, South Africa. Crocidolite and amosite from the
Transvaal Province contained 12-18 pph; Rhodesian chirysollle and Finnish .
anthophyllite contained Jess than 10 ppb

These results are in general agreement with those reported by Harington (28)

except that Marington found no benzo(a)pyrene in African chrysotiles. The L
explamition of this dillcrence miay Mie in the fact that ITarington used virgin -
samples coflected in the ficld, wherens Reimscliussel analyced typical cominer -
cinl prodocte. This could mean that at least some of the beuro(a)pyrens ls
introduced during the procrssing or shipping of the fibor. . e

SURFACF. CIIARACTFRISTICS

Tho surface chamcteristics of the asbestiform minceals are very hinportant i
relation to thefr commnercial uses and to thelr interaction with whatever environe
t they may be exposed to. Most of the discussion relates to chirysotile
" beeaunse the surface chamcteristics of the asbestifonn ainphibole minctrals have
received much less attention.

The external surface of chrysotile fixers consists of magnesium hydroxide and,
thercfore, it ts not surprising that the fibers Luhave In soine respects as though
they were magnesium hydroxide. For example, Pundsack (83) determined that
the pIl of a suspension of chrysetile in carbon dioxide-free distilled water is°
10.33. This compares to a value of 1037 for a magnesium hydroxide suspension -
under the same conditions. Pundsack and Reimschussel also determined the- %«
“solubility product constants™ for various chrysotile fibers (58). The valucs e
runged from 1.0 X 10" to 3 X 10 ** and correspond quite closely to a valucof
1.9 X 10! reported for magnesium hydroxide (64),

oty

.L

[
. -~}
i

Surfuce Charges

The clectrokinctic behavior of chrysotile is another manifestation of the mag.
ncsfum hydroxide surface. Martinez and Zucker (42) studied the effect of pil
on the surface charge, or zeta potential, of ashestos ore hody minerals by the
streaming potential mcthed. Fignre 10 shows the complete pll vs zcta potenttal
cunve obtained by these authors. They found the fsoclectrie point of chirysotile
to he 118, At lower plf values, the surface charge s positive; abuve the Iso-
clectrie point, the charge heonines negative. They attributed the sharp increase
in potential which wae ohtained as the pIf was lowend (romn 7 to 3 to removal
of hydioxyl groups from the surface and resultant exponnre of the magnesivin
one. Below plt 3, the magnesinm fons are removes] and the silica sinfare ex-
poscd, acconnting fur the docrease in zeta potential in this range.

02L11001LS
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Fic. 10. Suifece charzes on serpentine minerals.

The clectrokinctic behavior of lizardite, also shown in Fig 10, is dgnmamdy
different from that of chrysotile. It has an isoclectric point of 9.7 with & much
smaller charge than chrysotile. Furthermore, the sharp riso in potential, betweon-
plI 7 and 3, is not found. This would be in accord with the proposed \mdulathg L
structure in which both silica and magnesium hydroxide surfaces are :

Chemically, the surface of the amphiboles is similar to that of smus. w&*

polar in mature, but not as highly polar as chrysotile. The elect
is ncgative and smaller in nagnitude than the positive dmgo ol'

Isoclectric points have not been well established, although 1t is pmwned ; "" |

the charge would bhecome positive at very low pH. g
Most materials have a negative surface charge In aqueoos systems.
clirysotile has a pasitive charge, it will attract or bo attracted (0 most dls
malerials. This characteristic or chrysotile manifests itsclf fn many of thw
mercial applicationt. In addition, the highly reactive surface: mmh&u—
esting surface reactlons to take place which are Mntermodiate betwoen slniplé’
sdsorption and truo cheinlen] renction, Por the sake of better contimulty, M
interactions will be discussed along with the chemieal ptopuﬂes of lh&ﬁ&b

chy’

~
A
‘v
3

. The spexific surface area of chrysotile ashestos as determined by gas
tion imcusurcents hus Inen found to vary considerubly with the physical con-
dition of the fiher. Tor cxample, Mimdsack (31) reported Uit pulling Mers
from a blork of enwhe Joffrey ehrywotile fiber with tweerers grve products with-
surlace areus, us determibngd Ly nitrotn adsomption, ranging from 4 to 12 mt/g
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depondiog on how horoughly the flers were pulled apart. When the fbers . ..
were ed forther-in 2 Wiky Mill, the comparable sudface arca was mtiﬁ
than 30 m*/g. Valees fa cxcos of 50 m*/g were obtained when the fibers were- -3 -@

soaked in en Acsosel OT solution Lo scparate individual Sbefls. .

" Newnasa sad Divsher (43) studied the surface sreas of various chrysotflesr—2

. hmMMabprdamduabkmhlhhmtfmwwﬂh &5
degree of fiber opening for most fbers. The two exceptions were: the chirysotils SRS
from New Idria (Coslinga) and Stragari. In theso cases, there was very littiers
varistion with the degree of opening. Theorctical surface arees of the ally::
dispersed_ fibers calewlated from messnrements of Sbefl - dismeter Jistributions.,
were in good sgreement with the measured values, as shownbelows . . .~
Average

¢eL11001S

Fibers from Obrerved SA Caleulated 8A Srl dlasmter
Canadian Crade 7R 50 m'/g ' S m/g el -
Kew ldrs mm'/g LT mi >

The authors proposed, that for those Sbers whose surflace areas aro sensitive tod
the degree of opening, the voids between fbers are partially filled with solid
material, and crefore nat accessiblo to nitrogen or other gascs. Tn the case of +ANEE
the New Idria fibors, these interfibril voids are available for adsorption. In -
cither case, the intrafibefl voics are not avaflable. &S
“u Several workers (18, 48, 51) have attempted measurements of the pore-size~ S -
%rﬂnﬁm of various asbestos fibers, incloding chrysotile and amphiboles; The 7
methods have inclnded water vapor adsorption, nitrogen adsorption, and mer- 3
cury penetration. Most nitrogen adsorption results show a peak i the vicinity—
of 20A which has been interpreted as 8 mensure of the radius of the pores—3
within the fibrdls. llarris (29), however, pointed out that this may be an artifaced
of the measuring method and s open to serious questions: . A

The surface arce of amphibole asbestos is considerably-lower then chirysotilag
R doecs not exhibit any unusual porosity. Patterson and Thbuvpson: {52) Feported!
that sawn blocks of \Vittenoom crocidolite have surfite areas sround Smt/g @
This increascs o between 7 and 8 on (casing fibers from the block, The fully =8

fiherized material had a valuo of 14.8 m*/g.

The adsorption of various matcrials on the surface: of chrysotflie . has: beeni Sl
studicd from both the Bquid and vapor states. Young and Healy (34 stadied 7NN
the adsorption of scveral vapors on chrysotile. They found that nit argon, ,:.
cnrbon monaxide, acetylene, n-binane, trimothyt wrn,'.&l.‘dlmmho ol
gave surface arvas of 0.7m’/g on grmde 7R Canadian fder. Ammonis and wator
vapor, however, gave surface arcus of 17.86m?/g for the seme-sample. The - N
difference could not be explained in terms of chemisorption or other specific R
interactions bocause all the fsotherms were completely reversthle. Thele cone
clusion was that the catremely polar water and ammonia molecules could be
adsorhex] on portions of the surfaco which are not awailable to less polar “ZRE
molecules. They further conclinded that tame of the pores in chigmtile may Le BN
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1ypv'albn fsothenns obtained from these systems are shown fn Fig

180 B 830 AND ). P, SSUNEAVRREN .

plirgged with water, and that theso plugs are poruwable to polar vapors only.

Young and Healy also 1cpurticd a similar anomolous sorption of water vapor
on snligorite, a nonfibrous scrpentine. Anthophyllite and tremolite, the only
smphilolcs studied, did not exhibit this behavior.

The adsorption of various organic compounds on clirysotile from both the
liquid an] vapor phascs fs currcntly being studied by Weeks sud Loineweber
(75). The fiber wscd In (his study was specially alr cloaned to romove most of - -
the nonfibrous materfal and cxtracted with carbon tetrachloride to remove o . ~ 3.
grnic contaminants. Ethanol, benzene, and hexane all exhibit normal fsotherms - - .~
on chrysotile. The surface srcas, estimated from the isothcrms are ethanol, 18.8° f“ X
m’/g; benzene, 1128m?/g: and hexane, 9.6 m’/g. The nitrogen surlace ares Is .~
212 m*/g The corresponding heats of adsorp!ion are cthanol, 13 keal/g Lom "'
enc, 11 kral/g; and hexanc 9 keal/g Zettlemoyer of ol (85), reported 16 kenllg -
for the heat of adsorplion of water on chrysotile. AT e

These adsorption data support the obviqus premise that the polar surface of*: ‘P
chrysotilo has a grester alinity for polar molecules than for nonpolar, in goneralSaeeas
sgresment with the fndings of Young and Healy.

€21 1100 1 sty

olvent,, making he Interprotation of the fsothenns quite dificult. Wee
aber studicd the following binasy systems on (he same fiber u

por adsorption studics: benzene—cthanol; benzene-tert-butanol; b

: benzene-naphthalenc; * benzenc-anthraccoe; hcnm—mphﬂn

These isotherms of concentration change are plots of the “apperent” or-dili
ential adsorption of the “solute” (the component whose conceniration- s &
cated on the abecissa) c1. concentration. These concentration changes .
dctermined by means of a differential refractometer. The extremes fa the. ty§
of fsotherms oltained are illustrated by the benzene-cthanol sy!tau r.ud :

ethanol-benzensd

a~

hexano -denzene

Scparent adsomtion
™MilliMmoles per gram
[

‘ & - .8 R J
fwic traction solute

Fie. 11, Samthn of argante liqakls on layvotlle,
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baam—!m\ﬁ-. In the fonncr, the appareut adsorption of ethanol is
positive at Tow @mesntrations and negative at high concentrations, whereas In
the lattcr systewiYhe sppaccut adsorplion of hexanc is negative throughout.
A qualitative fidiipéetation of thuse cffects is that the affinity of the surface for
cthanol aend beiisne sre essentiaflly cqual, while benueno is more strongly ad-
sorbed than. hallfi The aMMnily of the surface for the coinpounds studied can
& sdag docreasing order:

3 e = Lenaeus > naphthaieng > anthracene > hexane

' .'tbn of these © otherms by the methods proposed by
pling and Tl (38) was impossible because sullicient information was not
available to be abld to extract the individual isotherms.

. CHEMICAL CIIARACTERISTICS
Asbestos has often been touted as the “Indestructible mincral” In roality, this

" i far from the case. As far back as 1635 (67) the reactivity of chrysotilo with

acids was recognized and in 1890 Clark and Schaeider (16) found that chrysotile
was the most susceptible to acid attack of all the serpentine mincrals. Nagy and
Bates (47) and Nagy (1G) confirmed this conclasion with clectron microscopie

and X-ray diffraction studics on acil-treated chrysotile and antigorite. After -
treatment with 1x 1ICl for 1 hour at 100°C, the chrysotile Xeray difraction .
pattern completely disappeared while that of antigorite was relatively un-

changed, Electron inicrogmphs of the reaction products showed that chrysotile
was very scverely ctched and had lost jts tubular morphology. Faust and Nagy
(21, 22) studied the differential solubility of chrysotile and scrpentine in 1nore

. detail. They confirmed that chirysotile Is alinost conrpletcly destroyed in 1 TIC

for 1 hour at 95°C, while antigorite Is almost untouched under the same condi-
tions. Tho roactivity of lizardite is intermedinte Lotween that of chrysotilo and
antigorite. e .

Badollct (2, 3) swmnarized the available information on the stability of
asbestiform mincrals, Strong acids decompose cheysotile rapidly with the re-
moval of all MgO and a total weight loss of 60%. The residue which remaius alter
acid attack consists of amorphous silica which retains a very [mgile fibrous
morphology.

In contrast to tho sensitivity of chrysotile, the amphibele fibers are much
more resistant (o aeclds. Thero are, howover, signifioant differences bolwoen
these fibhers. The data in Tablo IV shows that anthophyllite, erocidolite, and

tremolite are significuntly mors resistant (o acid attack than amosite and’

actinolite, Twenty-twvo days at room temperature had cssentially the same cffect
as the 2-hour reflux cxposure. AIl of the fibers wers relativoly stabls in 233
sodlom lydroxido solutions. The high solubflity of actinolite was atirfbated to
Impuritics in the sample, ' . :

Hiscock (33) more recently studicd the rate of decomposition of asbestifonn
fibers in olling 4 x hydrochlorie actd. 1To feund the following nilative onder of
stahility as shown in Fig. 18:

tremolite > anthophyllite > eneiclulite > actinnllte > amunite rhrysothe
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Fic. 12. Aad mictan& of asbestos (4 1ICT Lofling).

Alter an initial rapid weight loss, the rate of attack decreascs radically with
tremolite and authophyllite shiowing eatremely low rates. Reeuntly Wecks (74)
studicd the mate of decomposition of chrysotile Shers less than 1 4 In dismeter
in 0.2 N hydrochlorie acid at 37°C. Decomposition was determined Ly analysis -
for magnesium which had gone inte solution. The decomposiiion fs relstively-
slow under these eonditions as shown In ¥ig. 13, The straight line indicates that

— - - — - -

: TABLE IV L
. SoLuniLiy or Asnrsros MiveraLs 1x 23% Acte or Cavrrct T
| Per cent lors In weight, reflazing 3 hours
na CH,COouMt 1,10, 11,80, NaOI1!
T e “Cluyratile §5.69 2.8 83.18 88.78 0.9
Cruciilolite 4.3¢ 0.0 4.3 3.09 1.3
Amwwi‘e 12.88 LA n.ece 1.3 8.97
Antimphyllite 2 6, 0.¢0 3.16 2.93 .n
Aethdite M 12,0 ral i I 20N 2.2
Teene dite 497 1.9 19 408 1.0

S en e ot ap e BB e e

 Regortoec Dyiek el t o fon €00 ot Mining, and Metallurgio of ."q"rﬁn' Apeit, 1980,
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Frc. 13. Reaction of chinysatile with 0.12 % 1A 37°C,

the decomposition is diffusion controlled. This conclusion is justifiable liecause
extraction of the magnesium from the chrysotile stincture leaves a residue of

silica through which both the acid and magnesium ions must diffuse for the

decomposition to continue.

It is also intcresting to note that cxtrapolation to zcvo time indicates an inilial

decomposition of approxitnatcly 6% ‘Ihis decomposition proliably represents the
imincdiate dissolution of the sutface magnesima hydronide. Xeray diffraction
anmalysis of the G%-hour 1caction product showed no dilference fiom the original
material in spite of the fact that it was morc than 50% decomposed. The acid
apparently altacks the surface of the flrils leaving an unreacted core which
diffracts X.rays the same as chirysotile. This Is in acvord with the obscrvation
that chrysotile fibers can e readily filrilllzad by agitation in weak acid. Lilectron
micrographs of the rcaction prodnct show an ctched surface on typical chuysotilo
tubes. The residual silica on these partially decompnsed filiils is probably re-
sponsiblo for this etched effect. .

The very mapid fnitial reaction of the surface hydroxyls was alsa noted hy

Punduck (56) during the stepwise titmtion of chrysotile with 0.5% hydro-

chlorie acid at 100°C, Ample tinie was allowed for equilibrium to Lo attained

slter ench fncrement of acid. The titmtlon curve, Fig. 14, exhihits severl ine

flection pnints. The first increments of acid cause a sharp decrease in pll from
an initial vulue of 10 to about 6.8. This paint correspoixls to the reaction of
about 41.5% of the fier with acid. After the fAirst nflcction the curve levels off
until about 67% of the fiber is reacted and finally tails off to a pll of 2.3 as the
reaction s completed. Pundsack estimated that about 73 of the total hydioryls
exist on the surface, and that 673 decomposition represents reaction of all the
stiuctural hydroxyls. The final 337 reaction represents reaction with the sifiea
gel formed by tho process,

1he chemien] reactivity of eroeidalite has been stidicd In connide b o1l
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by Thompsorr (6%) waing filkas in the dimnetee range of 005 to 0.15, In a
Soxhlet extrictor, water ranosed 17 of the silica and 6% of the sodium jons.
These values conespond o a q).la of attech of 1 and 1% wnit cells, rospectivedy.

' Sumhrl) in boiling alkali the zticed is limited to the swiface kayer.

In S~ hydrochloric acid ot 100°C, 207 of the structure is disrupted \ulhm 3
minutes, coresponding to a 57 penctration. After 3 minutes, the rate drops
rapidly with less than twice the above penctration ifter 6 hoas, agreving
generally with Hiscoel's findings (W), Thompson proposed that the furiation
of a tough enuting of pubiacvised silica proteets the erystals from finther attack.
This h)pollum ic supposicd Ly the fact that the fibers are again susceptible to
acid attaek if the sitica Ly or is renoved by reaction with alkali.

In the prosance of 028 EDTA 2t pll 5.5 and 100°C, the rute of dvcomposition
of the filer appears ta hie difusion contialled, Tn this case at least & portion of
the silica boecomnes dispersad i the scaction medivm, Thompson concluded that
the ampliliole stractwie is nol intrinsically sesistant to acid attack. The apparent
resivtance is a ecnlt of the proteetion aforded by the siliea layer, The lesser
resistiee of .unrmtv to acidd attuck can possibly bie attributed to fuults in the
structnre, -

The 1evistawe of the ashicstifors winerads to attack by reagents other than
acids s gencrally comsidesed evedlent at temperatures up to 100°C, but de-
teriomtes rapidly at higher tomperatuzes. Ball and Taylor (6) studicd the re-
activus of clnysatile with sovaral naterials under hydrothermal condiiions.

Recent studies by Yang (53) indicate that reaction between chiysatile and
calcimn by deaide s detectable in 2 days at 23°C. Similarly Reimechussel (60)
found that chryswtile was comaphi oy decamposed in coneentrats potassium
b\c'un\u'-- W OOTC i N heeres 1'1”'"'! ) (F)) shoveed that oo Jdalite §e
att et e by s B s v o by e e 1O el st 0 0 Ladin

”n'll ‘. ! [T LA TR P SRR I -' wl 1 s!u ltn'l'.l‘\.
Unebig ot v oo Y e it (’ol,\w.!'l‘c' whiesho v g% vy et
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w2 -In genernl, organic campositions possersing acidie functional grougs dissolved
" = In nonpolar or slightly polir solveuts, such as henzene and inctliyl ethyl ketone,

i
."i::

4

ASRESTUS NUINEIEAES I\ MO RN 180 HINOIINY 185
l M - .
demonstrated that futty acids 2l other weak onganic acids when dissolved in 4
ponaqueous sohvunts react with the Alar swface o form a monomoleculae
*chemisorbed” Luyer, The amonunt of chiemisorhed acid is affected by the pres.

ence of sorbed water on the fiber. This is illustrated below. , Y
I
Cunsisonrriox or Oinaic Ac:p 1nov Busaag sy Conyvseris

—_—— . :

~ Fiter conditivmed for 48 Ywrus st
10 9% il 100 N
Mgz, acid sorbal/g, fiber 10.8 7.4 0.8

Fquilibrium in these reactions is cstablished very rapidly, probably within
scconds. It was alsn noted that alove a concentration of 0.003 moles of olele
_acid/kg of benzene, the amount of acid chewisorbed by the Rber #s constant
and has a value of about 17 Ly ‘weight of the fiber. This value could vary with
the expascd surface arca of the fiber. Even after 15 extractions with hot benzene,
803 or mare of the original olvie acid remains fixed an the fileer surface. Fiber
which contains chemisorbad fatty acid is somewhat hydiophobic and markedly
organophillic. The hy:lrophoblic character of the fiber is of a limited nature,
since the fiber can be wet by vigorous stirring In water. '

ahibit a strong tendency cither to clhicmisorh or ta sfowly react with ehrysotile.
Long-chain aliphatic acids, such as .tearie acid, olcic acid, and palinitic acid,
are chemisorbed Ly diy fiber. Momatic-type acids, such as benzole acid and
related compounds, are also chemisorbad as are dibasie aliphatie acids, such as
adipic acid. Although the uusaturated six-carbion sorble ncid appears to be
chemisorbed by chrysatile, the related sharter enrbon chain acrylie, crotonio
acids show some evidence of slow reaction with the dry chrysotile cven in non.
polar solvents and there ic a tewdi ney for the advorbed layer to show an affinity
for water. Maleic aciet re.aets with the hulk fiber. _

If the fiber coutring adsmbied water, the interaction of an organie acid in
benzene or MEK solutions differs mautedly from that with the dry fiber. The*
long chain aliphatie acids, c.g., stearic, olei¢, when dissolved in nonpolar or
slightly polar solvents, show little or no tendency to sorb on fibers contalning
acdsorbed water. Acids much as adipie, hienmie or surbie, which have some slight
afMnity for water, react with the bulk filer structure nstend of chemisocbing as_ -
they do on dry fibers, '

The reaction of chuysotile with cortain anionfe wetting agents, such as Aerosol
OT, is peculiar in that they cause the fibee hundles to separate Into ultimate
Rbrils. This reaction is accompanied by strong chemisorplion of the agents with
permancent imodification of (e swmface (51).

When chirysotile filxe is decomposed by strong hyxlrochlorte acid In the pres.
ence of chlorutrim othyl sitane (24) a very interesting reaction occurs, Nonmally,
the decuinposition by acid leaves a revfdue of amorphous sillea which po!\-.m-g:
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"that the concentration of magnesfum M (he utnd.wn rellli A
) deumc fn magnesivm concentration was it
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fa sddftion to being vulcrable antuet by,ldﬁg“idr

-

éqwula \vnh water. b h& W
T SO ;’l.iiq N l' !ii I_ i
) \sﬂh!!enbwwlboe:ldenlﬂuk
HEhuiNcic ecid. e “_j:.v 4 i,
chusyels results confrm that dlyntlb,h by waitnhgi

 the Srst 3-4 hours of Soxhlet extractivit¥d -t

W!’r :
precipitate of amorphous magnesiom sﬂ:ﬂh%tbmtw -
megnesium and silica annnwvedhammﬂmﬂoulbﬂ”
composition. Whether the removal of smapwadtbynr!f :
the- farmation of colloldal silice in yot to becdetvimioed: Thetw: 4t il
Mquunebsbﬂy"a S vente ey e -
tineows extraction. i .-',:n: ‘s i

For crocidolite, Thompson (63) 2 UM
sodium sre removed by Soxlilet atm'ﬁ
was equivalent to that of alhluaﬂm

Chrysotdle | SRR
Numerons investigators have studied I.be mMef M

tine mincrals, These studics were mottvated. oifhite. b ‘_,,,W

or by tho desire to grow Inrge synthetic 3

tilo was synthesizad as eavly as 1927 (31) Dut:be .

microscopy and sophisticated N-ray dMraction !eehliqu R wRs- §

to distingnih among the minerals of the scrpentine growp The m A

the chemical analysis of the 1caction prochucts matelud that of serg

not bo considered distinetly diaquostic for chrynotile,. . W
Chrysniite has boen swlbeslawd tn!y mwmw& 3
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. pertial:

fne® (MgAL)(AISL,0,)(O11), Another- '

5;'!::6 meme!wl and germaoium Nl.Ce.O.(Oll). which alao had & plutf > 2

mnmm!psibbbpndueomﬂm-!wop!mum atiRg ety .
M?Mwh&lmm;pmmfwmm&&
ever, not preclode possihility of traqe. emounts
present In natural or synthetic materials. The authors conclfoded that the fubs
Mmddwﬂekmwbnwwmmmm
ml infflocnces as well, . ol oy

Anﬂdbol. :.-..' " X
. The.amphibole mincrals can be Mbymwn. 5
::rd.n! na!u!;.'yl!c,:n! stodics at !::"Imhe;'brm A

are probably the most compre ve In { .
Soorine sabstiuted for hydroxyl were produced brhuﬁttnlﬂmd‘
- and Buorides to 000-1100°C in tightly closed: pluumm Mvw&(

phase and the morphologie et ~

mmempmmdlhhnh!mmﬂm % lﬁ'ﬁ'&
ture. Tho isomorphous scriecs of  Sbrous. Wh&d«l T
varicty of cations comprising & mixtere of Nk or-othar idaser-divalinb
plus cither My, Fes, Ce®*, Cu™, Co™, NI*, Ma*; or CI*:\Vithin the resction; -
mix, crystals of 05-1.0 mm fn lenglh. MMO} W&WMW
with cxystals as Jong as 20 1nm on the surface of the reactise mas: Thphydol-
g‘ ropertics of the synthctic fvoroamphibolés wers stated Yo be

natural varictivs with temlle strongth of £0,000-40,000 kg/em?, 'mmml
decomposition did not occur until the temperatore cxeceded 000°C, .

"ydmty 1mphﬂ oles containing combinations of Na or Ca plus cither Mg®,

o, . S -
. NSy e .

L - )
. -
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A, o
2l showed: that fiber faflure nornally occurred by rupture of weak hiterfibEil

$%° - | -2 bonds, rather than true tensile failure of a fiber. Using a newly developod micig
$EF T. 0 x. itenefle machine, comparable data were obiained Ly Burman on & varietyeERE:
FaE o e Zoasbestos fibers 4 m long and 10-20 4 i diameter (33). Crocidelite and chry i,

b e
e

e A - a -,

affie

. -~

& 137 e respectively, with a. fiber length of approximately £ mm. Motion p

. v

S SPIOL AND J. P. LEINFWERFR™ ﬁ

or Ni™ were formed under hydrothermal conditions (39). Ty i

gonditions were 350-600°C with pressures ranging from 300-2000d
titnes of 6 hours to 3 days, fibers as long as 4 inm were obtal

ranging from 0.1-1.0 x. The hydrothennal fihers were loo
e their mechanicu! propertics. Their thermal stability was of the. sty
magnitude as the natural materials, S :

,'

e

PIIYSICAL. PROPERTIES o
eth L
:'A&h used primarily as & refuforcing fiber. Its teusile strength Is, Ui
fore, of prime signiicance. The nicasuremient of tensile propertics is complie
by the combination of short length and amall diamelers resulting in a wide

of valucs from the same type of fiber as reported by Badollet (2). Zuke
and Care (88) showed s strong dependence of strength on filer length
maximum valucs of 61,000 kg/em? and 58,000 kg/em? for crocidolite and eln

. -

.
d—
R
-
4
=
Y
v
-
R

v 1
AN

-~ .

Lol
tile had the greatest strength followed closely by amosite, with the ,
amphiboes significantly weaker. More recent work Ly Bunnan (13) in Tabléiias-

TARLE V . K
rvaecal. Prorexrita or Annperiound MINKERG(S .

Terwile ur;nii. Youngs moadulus fiers oot

Ore ramplen (X10°, kg/em") {X10° kg/em") (X110~

Chwii', 4"'.““&. l’-’-d‘. n.8 'o‘s " v 2
Chrymailey, Thetlond, Canada 3.1 1.49 3.18 o
Crockinlite, Kaegne, Cnje Provines 20.0 1.0 . 160:4 o
Crocidolite, Knepne, Cape PPruvinee 3.8 1.M 1.8 —
Crockinfite, Pumfnet, Caje I'ruvinee 4.8 1.72 LMl -
Crocidulite, I'vinfret, Cape I'ruvines .2 1.m 1.y ~d
Crocid dite, Cochalmmi, Bolivia M7 1.73 s. (R
Amonite, Tenge, Transvaal - 20.8 1.60° wn -
Am-mite, Penge, Tratavnal ' 20.2 1.46 1.8 S
Anthopshyllite, 1ankitla, Finland 23.0 1.0 0.9 . !

custs doulit on the validity of nuigning specific temilo strength values ui
asbestiform inineral, although the same relative order is maintaiied. All ESEIR-
appear to have strongths less than the theoretical value of over 100,000 kefeid®
attribatable to silicate chain structurcs. The fact that chnysotile and o -
the amphiliole give sa nearly the same valies has led Whittaker (77) to saggeil
that the flar strength e affecten more by the erystal Imperfections § :
during filier fornetion ratlher than by the atmnie amincoment ar STARYS

-
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_ ASBYETOS MINFRALS IN MOBRAN TITIINULOGY 1%

fs consistent with the hypothesls that amphibule fibers are built
g erystaflites held together by I{—O—I1 coordinate linkages or

eeces. Chrysotile fibers, on the othor hand, are bundles of fonda:
selatively comtant diameter, but varying length. The difference ;
R chrysotiles is best cxemplificd by Coalingn fiber (Mg 18) S
3. consist of overlapping Ebefls approximately 03-2x4 long —
and Jeffrey chsysotile which has fong hndividual Rbefls: :
an ako exphain the gradual time-dependent loss in strength f_,.ﬂ

: P2

> .} e

{ 22

h ..'.o\ o: ) ";;_"-;:\:

A o

B

\ "

oo om > SR pptonis cvardn boive -
»n
q

Fie. 13, Flaitian wirngraph of cralings chinysotife, 30000,
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. 7 W, ; X \ /

TR TSI BET = .. .
. 10. Flectron miernzeiph of Jeffrey chinsatile, %0000,

of asLestos, fibers with ncreasing temprrature helow the decompesition tem.
perature of the erystal. Small lusses of watcr in the early stages of dchydmtion
for both chrysotile and amphiboles are probably assaciated with reduex! edgee-

wise bonding between the fibieils or crystallites comprising the “ashatoe fiters,
resulting ju reducad “tenile streuath™ of the fher,

HNarshuece

The tenm “hansleas™ i related to thee flesurad madolus of e astwestiform
.’,!.:':ﬂ, ',' .'; ! ...!. . !..!" LT ' ." ' . N .'.' .'.'.. rer 3.":.'. !n . ! :

| B B M 4
. L R A E T YE T S T
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re .

even in lheﬁuﬂ Gbers shown in the clectron mfcmgmph of Fig. 17. Akhoagh 55; .

chrysotile: i ble.
fbers: are soft, scmihanh fibers are also commercially availal
;;::h-dlyﬂb.b not wsually commercially significant. The Mem“in ﬁt
sppescance of Eber: masses is well Mustrated by the Mﬂhmp'l
B-ﬂ:l‘.q:_-": . . . .

Menhefbers. yicld en open, Luly, fast-Micving: mam, Flestle. solt fhems ooy .-

. fe., e e e ..» _jq .

' Fae, 17, Flectron mwmgnipin of cuailallle, 43¢0,
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Sor s esean vinad e oby 135 Sloidand BECNLLGY “c”
1) hase patential 4 toelimique for fncreasing the hashines of diryzotile by
Bash colcining in the swege of 00 €ty drive off part of the Chomically oo
blied watee Mure roeontly, Tonepee sand Kore (37) have fudicated o cusrclation
ith fue mincral ntergron ths in the bundles of fibeils comprising iy Lot ife.
= Anther Ty pothesis ic that Tunhnees is refated to the celutive contents of the
= two crystallogruphic forms, clino-chrysotile and ortho chrysotile in the fier from
specific sonree ( Whittaker and Zussman (77)).
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Thermal 1)ccomposition

Asbestes mincrals, despite their relatively high fusion temperature, arc coms
pletely decomposed at temperatures of J000°C or lower, depending on thiwp-. . .. s
tnincral spocics. S @

The course of Uie thernal decomposition can be followed by three differemty- 7.
but interrelated techniques: diffcrential thermal analysis (DTA), thermogmgiaz ..
melric analysis (TCA), and static dehydmtion.

The actual decomposition pheromena in amphiboles are extremely
cated and depend on the type of atmosphere and particularly on the sped
amphibole involved. Typical curves for the hehavior of crocidolite in afr"@
given in Fig 20 from Jlodgeon (33). The first chianieal cliange, co ondt

-

N
L
£
““.I:“\'!“l",g
- ° *
n
o
b~
4
v
. ¢
®
£
]
? . :
sV TGA s \-
~ J - ! '—--"'-'Jr—v.’r—w.% :

1 S T Y Ry TSt vy e T ey 13
Tomperature (°C)

Fic. 20. Thennal analyses of evocidolite in oxygen.

to an appirent Joss of water, occurs at 420°C with the final decompe
the amplifhole fnta a pyroxene mineral, eristobalite, and fron oxido occurriigfil
800°C. This waler is forined Ly migration of protons which are oxidized at g
surface by oxygen in the air. . N
The other amphilssles lose water primarily by condensation of hydroxyl S
Oxidation of divalent fron has a profound cffeet on the thermal behavioez e
these minernls and this hecomes very evident by comparing the reactions in sl
aud In an lert atmasphere. Noth the dehycioxylation temperature amd docomo~
position temperatere appear to fnerease with fuereased MpO comtent {a. the =,
different amphilole spocies. Todgsan (32) gave a detafled experimental and?
thearetical review of these phienomena, which include loss of phy dically cooms--"
DI d wadee, hns OF Wity it v aten, el Lo bl fuy wltfiate
decompanition puaducts, These thennal nnalysis techniques hive proved  paeess -~
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- .- .
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B ASBVSTOS MINEAALS IN MOSAN  VRCIHINOLUGY 193

wocidolite exhibils cluracteristics of both anthopliyllite amd
- Transvaal specics Is often an Intimate mixture of crocido

‘_ T—=ta

‘of ‘chysotile Is much simpler and Iadependent of ats =5
memic heating condilions (DTA), dehydroxylation occurs
‘with fonnallon of forsterite and silicn, about S10°C, as

iuue Jehydrtion experiments, the initial water loss Iclow . =

. L

PERCEINT WEGNT LOSS

3
»
. - L. L] '
. M .
CUOCTNIAWNY e—u () e .
_— N
'

100 200 300 400 500 €00 DO, 000 200 000
.'!MP(lA'w . = .
. Fir, 21, Thermal dealyslECIYSe
" - -
S00°C s time-dependent with no detectad &cTunge In the X.mmy diffraction
pattem (12, $0). Martinez (1) has siwnmarfzad the various theurics for the
atomie rearrangeinent during the deliydmtion and fonnatlon of forsterRo. The
simplest approach to describing the decomposition alove 500°C (statlc) Is to
consider 1t as a threvstep process: the solid residue of the first step ( <600°C)
is a slightly hydnited awarphous inagnestum sitionte: with a minor amount of
poorly erystallizod fonterite. This is followed hy the fonnation of well-erystal.
lined fonterite with some residual amorphous material at 600-1000°C, )
Flually, heating above 1IOU®C yiclds a mixture of cnstatile and forsterite,
This generalizsd scheme has been confirmed by comparfsons of Infrared syx-cira
of heated chrysatile with those of mistures of pure synthetie inincrals (01).
Many Iavestizators have studicd the thermal decompesition of chrysotile
from a wide variety of sources, and all have heen faund to yiekd essentially the
same DTA curvix Recent studies with an extreinely sensitive dul'ont Differ-
ential Thermal Mmalyzee have diselosed signifiesnt differencrs between Rler
from different- sonrves, For any chrysotiles, the 630° dehyxdruxylation peak fe
really a doublet (33). ‘Thic danhlt phenamenon wae Bret ol ot ,
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. .' . . . e
; tinez (10) in a mistuee of tho sinpl s of the sane fiber which had bcar&'
] fected o different degrees of fntensive grinding, The depeaxdence of deliyDisdytt-
‘. ation temperature on purticle siae in the analogous mineral haalinito wasi ity

reporterd Uy Speil (08), 1t hus not yet been detennined whether these ralite)
olserved doublet poaks in specifie chnysotites corrspond to two fiber dRENRS
popul.ations or tu somme other phenomenon. R

Mcchanical Disintcgration

For cffoctive reinforcement, the ashestifonm mineral should be Mt
. the degree rovuired by the specifie application. Mcchanical milling oe
f Is the Iasie method of fbcrizing ashestos mincrals, ldeally, the fber-B
: should be opened without reducing the flee kangth, In practice, the iR
shioitened to a degree controfled 1ot only by the severily of the meciié
action, but cven more, by the brittlencss o hanshness of the minceal. T
chirysotiles show ininimum length disintegration during opening whileEh
samie mechanical attrition, the semihwsh and harsh chrysotiles are 5§
significantly. Amphiboles are cven more susceptible to Jength atedf
- =% virocchanical impact, and are usually given theie final opening by the-ul
s oveel e ddpaumer, often in the actual wixing or processing operations,
20T T Nonmally as the fibers hecome nmre open, the additional energy
foe further opening inercases rapidly, inposing a practical linit on the-dii
of sulxlivision attainable in cominercial milled products. Recently, laby
grinding tests with an intensive dry grinder® showed that it Is possible tor
destiay the stiucture of chrysotile so that it is no Jougee fdentiffable
N-ray dilfmction or by the clectron micrograph of Vig. 22 (60). JefTrey cbif
heated to 700°C for | hour yickls an amorphous material with exactly th
appemrance when viewed by the. ckectron microscope, This suggestss
ehanges abiserved wih fntemive grinding were actually caused by mé
locali/d tanperature surges in a fibril as it alworhed the tre _
cnergy. To sulstantinte this hypothesis, chrysotile was subjectied to go
dry ball milltng which yickled a similar appenring amorphous mass, \Vetdl
which prcluded the possibility of attaining locnlized Mgh temperatung
diced short ultimate fihrils which nuintained theie crystalline form=
casily identiftable us chrysotile. , -
These alservations have been usad to explain the results of controllell
wear teste perfonned at the Jolins-Manville Reseurch and Engincering G
(63). Weae dust was collected from passengee car bhenkeo linfngs subj
serics of staps simulating normal trafie and highway drving. Al
and debris in the brake drnns were collected separately and analyzed o
The ‘compasition of the inarganic fraction of these residucs matehad that
aviginal brake Bning which contuined a total of T0F cheysotile. No chiy
was observable in the wear dust by cither X-ray ar aptical micmscopy. AnS
tron sicrogmph of the dust s Jown fn 1T % The asembline: Tetwnd
and chrysotile, which lad been mechanically  (und, presunably, ol
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decomponed, Is apparent. Despite the fact. that” thermocouplé: measarements of - S0,
the brako deum !rt‘r’:pcm!nw did not exceed 275°C; theorothal balcnlstions Il =/ =7 .
cated that the temperatures at oeulized points of contie®: exmcorded 1000°C.
Minute fraginents of chrysotile fibrils coukl bo obeerved I some of the clectron |
micrographs anxd a mudified point count teclmique was devised to determine

the chinsotile content. Cunservative estimates of the chrywtlle contunt Ly this

method showed that mwne than 0S¥ of ihe clirysotile is deatreyed dhring toomal

brake umge. Shmilar studics by the US, Pullic Uealth Scorvics substantiated these

results for nommal driving conditions (33).
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IDENTIFTCATION

Tho positive Kentificntion of the ashestiform: minceals-s highly dependont -
vpon sich factors as the phyxical form, the presence of  contaminants, prioe-
mcclinnienl, thermal or chemical trentment. The- variable natero of the amphis
boles makes it necewary to clhasifly a particular swmple a3 “most cloxcly re-
scinbling® a speeifie mincral specfes. -t

Tt Is alwinus that, even if sulficient naterial Is available, simple chemical anale
ysis fs not suflicient to charmcterizo an ashestiform mineml eowrme aft asbeste=—-
fonn minernls hawe masshve eonnterparts with the sume chemical compashion. )

DOW 07024



»
-l
ﬁ?

mews ww .

.

kil B

. eloctron microscopy, clectmn diffraction, and differential thermal analyis

. fbrous nature of the m&skcvﬂnﬂandlbopﬂhlpmpuﬁsanbomdh_

dificok. In such. X-ray. diffraction and chemdeal:
. If o stze.ls below the practicel’

ASM3108 MINKRALS IN MODEAN TLCHNOLOGY 109

One must, thenfore, rely on a conbination of mcthods. The methxls inost fro-
quently wad are dnmical analyss, petrographic microscopy, X-tuy diffraction,

Periaps the most nliable method of ilentification for particles down to &
few microns In dlameter Is petegraphic microscopy. Using (s tochinique, the

determine which specics is prosenl. Ainong the amphibolés Bowever, the vark
sble-composiion may also cffect tho optical propertics, 30-that again posftiver:

2nL11001S

- -

or DTA can be veel for URRY e g7y

electron microscope is the m%hﬁd’ 1
sbout the size and shape s0 thet posttiie Rieit i loa T
specific- smphiboles. The inbolerrspiititaats. oty Miysstil
microscope is specifie. Whén electron. dilTrcthifzl becd 10°
tron microscopy & helter, bot still* A tontlidV ‘
is possible. . PR SCRCRE &~ SIS T i
The clectron microprobe s a relatively mn!(dewloptm!nh!eh I proving/ 7
of great value for the characterization. of -smallXimonnts. of imaterial Wih'thir, ...
instrument Rt fs possible to obtain a complete chamical analysis on a parBcle™"" " .
as small as 1. It is also possible lo study the skme particles withi.both thé- -
electron microprobe and the electron microsenpe, thus making @ more complete - .

-

chameterization possible. : .o R
Table VI Is a listing of the propertics of the u_besufom mincrals osed fot;__';_;;,
. * e - .,-;!.;":.

their characterfzation. b
| sounchsOFMMmER ., o TE:

Hendry (30) ot the 1963 Conference on Tiologle EM&RY of: Asbesios: smpeis &
marired the pertinent aspects of the ocourrerien,. prodaeUBITand. commercld e

applientions of asbestos fiber. : .
Table VII presents the world production cé I8~ (43). SR
tion has Incrensed with few changus fn the relalive stanidiigrol the producing ...
countrics. cet b SERAL o
The major difference s the great hmh’ul‘u&rﬂdﬁhwﬁkﬁm;px
outranks Cannda as the major producer. The' incrinsod iR i the: Unfted> "3 -

States over the past fow yeurs Is due to the regent development of the Coallnga
fiber doposhts In Californfa, One important changer shegeI084s-the. 2.’
the Australian crocidolite mines and tho elimMation 6 B:ili*Sovrce from e -
n'nrl:d.a‘!‘hm, South Africa remaing as the one significant aven producing crocid-
olite and amcsite. .

Chrysotile accounts for npproximately 05% of commercial asbestos. Clirysotile
asbestos frorn Quehee fs available in more than 50 stariard ov speciafired grades
to meet spacilfie requirmments. Some of the hrger msbostos wilhy, such as that of
the Jeffrey mine fn Asbestos, Quehoe; prostuce many of these grades simul-
tancorsly by & complex system of continiius enrhing, sereentng, and aelrition
from the saine mill feed material, ' :
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TAHLE Y11
: Pamtetiox of \smaercan 1266 -
T Comnlsy Ne. of smirt tons
Xorth Amevrimn
Crsada (mie) 1,869,241
United States (Ligments) 78,509
Seuth \Amevien
Argratim : 2.:
Bolivia (i
ivia (exprts) ~n
" Awtris -~
Ralgaria 14630
Finland 13,250
Frence o
Creece /S
Italy 90, 161 .
Tortugal A 4
USSR 1,871,000
Yugosdavia s
Afriea .
Botewam . 590
- - Kenya : n ,
%@Mm&m —
R Rhodesia, Suthern 173,000
Routh AMrien, Republic of 276,597
Swariland 2,112
United .\rab Republie (Fgyt) 2087
China . 140,0000
Cypras I L R L)
Tndla R g, ]
Japan AT 17,009
Kares, South EI e
Philtipines : &~
Thlwan ™
Twkey 1298
Ocmanin
Amiralia 16
New Zralnnd - .

¢ batimate.

8 Unpaldlshe! dats conskleral W Le . Tin'de (not from Jlinerals Yearbouk), ,

Al fbers from Quebiee are clasified by a standardtrod system: which, with
some maodifientions, forms the hasts for other classification systems In we
throughout the work), The Jangest fibers are Croups 1 and £, with fiber lengths of
over X in. and from % to X in., respectively. These consist of hand-sclecter! croms-
voin fber amd are termed “erinde”™ asbestos 2rades since they are nonnally given
final preparation by the ultimate user. Cioups 3 thrugh 7 are clasdifled as
“milled” fiber with decreastng fiber length, os mescurd by the Quelren Starlard
Sovien Test {TN). Fach urcup f¢ further subnlivided inte a nnaber of sub-

L)

‘waLi100Ls "

L.

)
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2raded: acconling to thel mmpg Sulkiag: ch
udol'-plh?zpf:pr'ﬂ;.. Subgroeps fibies. fm—dﬂ&uﬂ:m e
neccsenslly wm.!nnge’:‘!:l; for Qedﬁemb esbastes
“m h 3 . .
thoso fiber -!rp:!::h which the. ﬂbuhvo&a wel w« i
are knoww as “opened” m

Table: VIIf xives the appm::hntedkhﬂn(bnbypdae( -
produced ¢ Canada and the Unndm« mpuvdb M

AL

_lhc-US‘R in 1908 S i TR e
ﬂl!&mt Ry e e

Arrwixivare Mroovenos or Crarsories ham av Craos 1 198 Py
. «
Crmle USAR. U.8 and o
B W B U - AEER ¢ W oum— - —-— Q
No. 1 Clide -—
Ne. 2 Crule 18,000 -
3 130,000 -
o oo 180,000 - &
8 650,000 (8]

) 390,000

AX

®es oumiemorww o

App!tm(bm

The commercial applications of asbestos are so numerous that ﬂl
can do no Ietter than refer the reader to the many exccllent texts
quately cover this subject (8, 62). The uses mnge from asbestos-c
or floor tile, which consume hundreds of thousan’s of tone, tu specia
applications which may consume only sevveal tons annually. Asba
a grent varkety of products a combination- of e,
attaimad by wsing other materdale, Its strong flbrous form rdnfoaec. ot

sich as plastis or coment, or rontrols viscosity of many systomsy T8
nature Is fgentant for realstunce to hewt and chemieal or onvironwme
s fne size cvntributes Rltnition efMclency and insulating 2
dance and kne enst are significant factors in promoling: mm«dﬂ
On the hads af relutive abundance alone, chrysotile will Le v
possihle tn preference to other forms of ashestos, Wheve-a. comb
trene Dalking charcteristies plus Jow water content and high ¢
sistance are dmlmbl‘- ¢.g, thermal Insulations, amosite s
ferred, Applications reyuiring resistance to ackls ustally take od
nlatively gl acid resistance of crocklolite, Testlle prodivets
silky, Jonger grade of chrysotile althongh crocidolite has also b
acid-resistant testile fonns, Ceographle consicderations may exert
fluenee 1o increase the usagge of specifie amphiboles, such as anthopll
Floland or the crocidolites In South Africw, Anthapliylite has slie
advantages over other adxtifonm minerals i reinfordng polypre
uete el I nant estensive Ay for this purpases
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< of chrysotile have been developed by the asbestos-
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the Jonger Obers are considered to Lo of

pt to make miislactocy ashostos paper or a9~ -

with 7-grade

p the presence of & considerable amount: of
fealate serpentine which is conlained: in- some of the 7-grade subgroupe. .

impraciical to use rulatively Jong 4-grade

et Although
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consumce sclocts the least expensive grade of fiber which.

R would be just as

"~ i floor-tilé as- R wonkd Le to atlem
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Flhutrmn micmgraph of commorcial tale, <2290,

Fa, 24,
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ASBISTUS MINFRALS 1X MOOERX 1ECHNOLOUY 205

cosmelic applications. Figure 24, an ckdm icrograph of a typical bLenee
ficiated indlusirial tale, reveals the presence of qmsidvrablc filbevus tecmolite.
Approxicolcly 3000 tons of tale are used annually as a currier for pesticides
(71). Windom ef ol. (79) investigated the distribution of tale In the atosphere-
and in glacicr and snow samples to study the migmtion of pesticides. Thelr
- samples covered a world.wide geogruphle distribution. In practically cvery
sumple, amphiboles were detected along with the tale, as might, be.autidpaled
from the common occurrence of amphiboles in tale. <. - ' . L
Cralley-(14) et ol. have rooently invertigated. 22 cosmetic lnkmn ptoducu. AR - ',r_
had significant Bber contents ranging from 8°to 30Z by count of thc total tale: .
pa'tleullfrg and averaging 19% The fibroas tale included tremolite, & Mﬁyﬂh— .
: Mnndespcdﬂno(eol’dnfaﬁlhtmudkh prod—y
Mﬂhwaammdﬁuafmnhkhmyhdeﬂnd fmh-
- .____ﬁmubodta observed in the lungs of husmisha. <7 i
= -In-snother favestiprtion by the cs.rumrﬁ-ns momq ‘source
2750+ fdentification of respirable fibers, Crallcy<(ISFWotéd tRat-tire-tre. more
e~ Y00 JuTerceit: nateral minerals with W‘WMWM
mht«sp&nbkstm In addition blbenﬁeslo&mhaﬂs.lbese jocluded s =<
- fuller’s carth, zeolite, vermiculite, cakium carbonatey, /gy prom,’ pywphyllne, !alep ,‘-x
‘-._1.52 kyanfts, hornblende, mica, magnesile, & d ‘many-others.
2. Pure serpenting fs considercd to be unnpued’oftnmﬂﬁhui anU@uﬂa'or’
% Meardte bused on petrographic and X.rsy cxamination.’ However, clectrom.._.
microscopy reveals the fact that all scrpentine rocks contain significnnt amounts-
ofehquuﬂh.Fﬂame!3lsune%mhvn|nku4nmh¢£||pnmuaMblnunhnuﬁ
“museum grade® scrpentine specimen from Warren County, New York, obtained -
through Wards Naturul Science Establishment. Despite Rs.apparent’ content of -
approximately 207 of fbers, optical microscopy showed no cluyzottlo whatm
Fxamination of muny other authenticated samplés. of “pure. serpentine”
revenled the presonce of chrysotfle. Serpentfnds rock: deposfti ¥ Widcspres
throughout the world. In the L‘nncd States they: lorm the Fradclidin » - &
belt along the entire length of Califamia, just as they form much of the :\pplw k=~ %
Iachian mnge on the Kast Coast. They are used as lﬁe bads (or-many large-scale- 7 <8
applications, such as ballaxt, mad construction, awle, bullding m Due Zo3%
ing grinding and preparation for nieli commercial usage, tberc coukd be oppor -
tunity (or escape of fibrous materfal, -+ -,-. 5 oA, ROORE :
coNet. tsions - T 'ﬁ?
ll fs important for the medical lnwsllplot of. llnq .
form mincrals to properly understand the wide- ' i sevenlin TN
dividual ashestos minerals, the ubiquitous nature of m bothin -~
commercially valuable form and as imprrities tn olher materia®s; and ll:c wide- -
spread existence of many other minerals with fibrons form. It is only by relating :
experimuntal bialogle cvidence with the varfations in physkal size and form, in
physical strongth atteibutes, in phyvicochemicnl surface renctions, In chovien!
reactivity, and In assnclated tmpurities, that we can uRimately uut\v.- at valid
mailienl comchisione,

At
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COMMONWEALTM OF PENNSYLVANIA- .
DEPARTMENT OF NEBALTN rm e
OIVISION OF OCCUPATIONAL HEALTHM

“YCIENIC INFORBMATION OUIOR NO. ?
ASBESTOS L. 9.5

§":ﬁ++ T

i
Ry i compened of @ nember of diffrrent mineraln which are ailicaten of
iting, but besically are of o lerm of hydroun magnunism silirate, :
tharorterintic In o nireciore companed of loap,. parailel, floaible fiborn,  _ ~°-r
copable of wproted leagitedisal nabdivinien, Veay verietion are safficlently - ~=iowa 235
Nlevible 1o be apon into yorn & ueves on madified tentile mackinery, \l--h:mh;.h -
proevenes cen ¢ oune thin miaeral te break sp inte meny minute panticien. - -

TARESHOLD LINIT VALUY. (arcepioble. stmespheric concentration for S-hoar werk
preied) =TT

S--llhmkb-’nnﬂch‘o‘l‘s S Ry

f.omp r-"l.r‘ l-hlulk- of :
. wionin taous an anbreimnin. The ph.’.dherd-ci tabalotion i & conditien . e A
: @y (ibramin. A characterintie finding of asbestonls is the prevence of . E —Tengi
-+ “badien" in the longe and sporam. Complete recuigenelegic medy of £ _‘ o
e iy, rb-c sd hintopathe legical (indiogn are secennary (0 vutabilah the presence - > - - -
T AR thin dineane, Recemt stndien indicnte o definite relationship between inheletien -
TIRIN o w N o of anbeston aad concer of the long, In addition plewrs! and peritoneel mhu-c
' have been snnavisied with inhalation of snbenton,

-""'- 25L 1 mo'fs

PREVENTION: e s
8. Preplecement; Orcupations! bintery fs .-auhy. A complate ﬁy-iul R ’
evamination, incloding a chent arey, shinld be emphasised. SR
be Prriedic Fxaminotion: A MW"‘ slés 1?7 P T Y
chent seray (ibm, ahould bo givew % Canen wherg pathelog it .
rhasgen have occurred nhould be re Wtia ety op ’
tions and medically evaluated periedicelly:. 2%
KXPOSERE CONTROL: SEaE
8 All deniegredecing oprratican ahould be equipped with lose! nl-u T
vestilation, Khere poanibie, inolstion or segpopntion of the speretion R S
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