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CHEMICAL AND PHYSICAL CHARACTERIZATION OF AMOSITE,

CHRYSOTILE, CROCIDOLITE, AND NONFIBROUS TREMOLITE

FOR ORAL INGESTION STUDIES BY THE NATIONAL

INSTITUTE OF ENVIRONMENTAL HEALTH SCIENCES

by

William J. Campbell , Charles W. Huggins , 2 and Ann G. Wylie³

ABSTRACT

The Federal Bureau of Mines provided five test materials--amosite , short-

and long-fiber chrysotile , crocidolite , and nonfibrous tremolite--to the

National Institute of Environmental Health Sciences (NIEHS ) for studies on the

biological effects of orally ingested asbestos -related materials . An inter-

agency agreement between the Bureau and NIEHS made possible this program to

characterize these test materials . The Bureau in turn received support

through contracts with the Ontario Research Foundation for the milling of

amosite and crocidolite , and with the University of Maryland for microscopic

measurements .

The five test materials , which were supplied in quantities of 960 to

1,200 pounds each , were characterized by chemical -instrumental analysis for

elemental composition , surface area , density , X-ray diffraction , infrared

spectroscopy, thermogravimetric analysis , mineralogy, and particle size

analyses . Particle size distributions were emphasized because of the

current theories relating adverse biological effects to length-width char-

acteristics of durable elongated particles .

INTRODUCTION

Although there has been increased concern in the past 2 decades about the

pathogenic effects of inhaled asbestos , relatively little attention has been

given to the effects of ingested asbestos . In November 1973 , a conference ,

cosponsored by the National Institute of Environmental Health Sciences (NIEHS)

and the Environmental Protection Agency (EPA) , was held in Durham , N.C. , on

1Program coordinator , Particulate Mineralogy Unit , Avondale Research Center ,

Bureau of Mines , Avondale , Md .

2Morphology coordinator , Particulate Mineralogy Unit , Avondale Research

Center , Bureau of Mines , Avondale , Md .

3Associate Professor , Department of Geology , University of Maryland ,

College Park, Md .
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the biological effects of orally ingested asbestos ( 5) . Following the con-

ference , the Department of Health , Education , and Welfare Committee to Co-

ordinate Toxicology and Related Programs formed a subcommittee to review data

and to recommend future research needs . The subcommittee concluded that there

were not sufficient data and proposed that specific studies be undertaken .

Based on extensive reviews and comments on their research protocol , NIEHS ,

with EPA support , developed research contracts to study the effects of orally

ingested asbestos in rats at the Hazleton Research Laboratories in Vienna ,

Va . , and in hamsters at the Illinois Institute of Technology Research

Institute ( IITRI ) in Chicago , Ill .

The data summarized in this report were obtained under interagency agree-

ment 10-09-0070-598 between NIEHS and the Federal Bureau of Mines . The objec-

tive of the amended agreement was to provide and characterize chrysotile of

long- and short -fiber lengths , amosite , crocidolite , and tremolite for the

oral ingestion studies . The Bureau of Mines contracted in 1976 with the

Ontario Research Foundation ( ORF) , Mississauga , Ontario , Canada , for the

milling of the amosite and crocidolite , and with the Department of Geology ,

University of Maryland , for size distribution measurements by optical and

electron microscopy . The Bureau provided the five test samples in quantities

of approximately 1,000 pounds each to Dr. John Moore , NIEHS , Research Triangle

Park , N.C.

Characterization data summarized in this report include chemical-

instrumental analyses for major , minor , and trace constituents ; X-ray diffrac-

tion ; density; surface area ; infrared spectrophotometry ; differential thermal

and thermogravimetric analyses ; mineralogy ; and particle size distribution .

Many health scientists believe that particle size and shape is the dominant

factor producing tumors in test animals ; therefore , size -shape parameters are

emphasized .

The Fine Particle Laboratory , IITRI , provided NIEHS with characterization

data on the five samples . Questions regarding the IITRI characterization

data and availability of the test materials should be directed to Dr. Moore .

ACKNOWLEDGMENTS

This interagency program was conducted under the coordination of

Dr. Moore , NIEHS , whose advice and guidance are gratefully acknowledged .

Sarkis G. Ampian and Robert A. Clifton , Jr. , Division of Nonmetallic Minerals ,

Bureau of Mines , Washington , D.C. , provided invaluable technical advice in

selecting test materials; guidance in processing of amosite , crocidolite , and

tremolite samples ; and general assistance throughout the program . R. T.

Vanderbilt Company , Inc. , in Norwalk , Conn . , supplied the milled tremolite

sample, through arrangements by C. S. Thompson and Allan M. Harvey . William

Reed and Gene Deardorff of the Office of Standards Reference Materials ,

National Bureau of Standards ( NBS ) , Washington , D.C. , blended the tremolite .

"Underlined numbers in parentheses refer to items in the list of references

at the end of this report .
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The Ontario Research Foundation (ORF) supplied chemical and size character-

istics data throughout the milling program , and the assistance of R. W. Glass ,

D. R. Hollingbery, B. J. Ferguson , and E. Brown , all of ORF , is gratefully

acknowledged . Numerous analytical personnel assigned to Avondale Research

Center and student assistants from the Department of Geology , University of

Maryland , provided most of the data summarized in this report . Their assist-

ance is acknowledged in the sections of the report to which they contributed .

SAMPLES

Tremolite

This

Because

Twelve hundred pounds of nonfibrous tremolite , containing approximately

25 percent serpentine plus minor amounts of talc and other minerals , was

collected from veins at two levels in the Vanderbilt mine , Balmat , N.Y.

sample was milled by Vanderbilt to minus 325 mesh in a Wheeler mill.5

of slight variations in the mineralogy of the samples at the two levels in the

mines , the sample was blended , using the NBS sample preparation facilities .

Blending was performed in a 10-cu-ft V blender ( fig . 1 ) , but because of the

limited capacity of the blender , approximately 960 pounds was blended , using

a four- stage blending procedure . The blended tremolite was repackaged in 38

virgin cardboard drums , containing about 25 pounds each . Homogeneity of the

samples was verified by fluorescent X-ray spectrography for samples collected

from six randomly selected drums , which were being filled for shipment to

NIEHS . No significant differences were detected by the various characteriza-

tion procedures .

Chrysotile

Two chrysotile test materials were purchased in quantities of approxi-

mately 1,000 pounds each . The short-fiber chrysotile , identified as COF -25 ,

was purchased from the Union Carbide Corporation , Niagara Falls , N.Y. This

sample was obtained from the New Idria serpentinite mass located in the

southern part of the Diablo Range in southwestern San Benito and western

Fresno Counties of California . The ore body is unusual because of the virtual

absence of long fibers and the high chrysotile content of the ore . To check

for homogeneity , samples of COF-25 were randomly selected from nine drums of

the material shipped to NIEHS . No significant differences were detected in

the nine lots by the various characterization procedures .

A broader range fiber-length test material , identified as Plastibest -20 ,

was obtained from the Johns -Manville Jeffrey mine , Asbestos , Quebec , Canada .

Plastibest -20 is a particularly clean grade of chrysotile used by the plastics

industry . To check for homogeneity , samples of Plastibest -20 were collected

from 10 drums of the test material supplied to NIEHS . No measurable differ-

ences in composition were observed , using the various characterization pro-

cedures .

5Reference to specific trade names or equipment does not imply endorsement by

the Bureau of Mines .
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FIGURE 1 .
·
Blending the milled tremolite in the National

Bureau of Standards 10 -cu-ft V blender .

Chemical and Physical Characterization of Amosite, Chrysotile, Crocidolite, and Nonfibrous Tremolite for Oral Inge…
ACL Doc 25244 · Page 13 of 77

Published by AsbestosClaims.Law

asbestosclaims.law/library/25244/13

https://asbestosclaims.law/library/25244/13


5

Amosite and Crocidolite

The Bureau purchased 4,000 pounds of amosite , identified as S-33 , from

the Atlas Asbestos Company, Montreal , Canada . This material is from a mine in

the area known as Penge , in the Transvaal , South Africa . Not a proper mineral

name , amosite is a term used to describe the material from Asbestos Mines of

South Africa . It is composed primarily of grunerite asbestos , with a minor

amount of actinolite asbestos . A previous Bureau publication gives a detailed

discussion of habit descriptions for amphibole minerals (1) .

Six thousand pounds of crocidolite , identified as ML-6 was purchased by

the Bureau from Certain-Teed Company , Ambler , Pa . This sample was obtained

from a mine in South Africa located near the Kalahari desert in the Kuruman

Hills .

Air Jet Milling of Amosite and Crocidolite

A contract for air jet milling of the amosite and crocidolite was estab-

lished in 1976 between the Bureau and ORF . Air jet milling was selected

because this type of pulverizer would damage the amphibole crystalline struc-

ture the least .

A Jet-0-Mizer 0304F air jet mill and collection system was purchased from

Fluid Energy and Equipment Company , Hatfield , Pa . The collection system was a

10-inch high-efficiency Jet -0-Clone cyclone collector constructed of 304

stainless steel , with duct work connecting the mill to a continuous-pulsing

dust bag collector composed of 304 stainless steel structural parts and

silicone-treated Dacron filter bags .

A blending table , approximately 5 by 8 feet , was used for simultaneous

manual blending of six 100-pound bags of asbestos . The table was enclosed on

three sides above the table surface , and a hood was positioned above the

table . The rotary feeder , supplied by Fluid Energy , was capable of feed rates

up to 130 pounds per hour .

The major safety considerations were to minimize exposure of fibers to

operating personnel , and to contain all fibers within the processing area .

The processing facilities and personnel equipment are discussed in detail in

periodic reports provided by ORF to the Bureau.6 Each operator wore a Scott

air-pak safety mask with filtered breathing air supplied from an external

source (fig . 2 ) .

During the initial milling of the amosite fibers , severe erosion.

of the milling chamber occurred because of the highly abrasive action of the

amosite , resulting in failure of the milling chamber ( fig . 3) , together with

unacceptable contamination of the amosite with chromium and nickel from the

stellite used for hard facing . Materials milled using the stellite hard

facing were subsequently discarded .

6Inquiries about the ORF reports should be directed to W. J. Campbell .
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FIGURE 2 .
-

C
o

Air jet milling at Ontario Research Foundation .
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SW

FIGURE 3 .
-
Erosion of hard-surfaced stainless steel as a result

of air jet milling of amosite .

To reduce contamination , CRF applied facing composed of a low-carbon ,

low-chromium-containing steel . Because of continuing erosion of the hard

facing , it was necessary to dismantle and inspect the mill at regular inter-

vals and to reface the worn areas as necessary . Crocidolite was passed

through the mill twice to reduce the number of very long fibers in the final

material . Amosite was processed by a single pass .
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Nickel contamination of milled amosite and crocidolite was insignificant

when a facing of low-carbon steel was used ; however , the chromium content

increased from approximately 90 to approximately 170 ppm in both types of

milled asbestos . Therefore , the chromium in the milled samples is present

mineralogically and as a metallic contaminant .

Twelve hundred pounds each of milled amosite and crocidolite was packaged

as 20-pound lots in virgin fiberboard containers and shipped to NIEHS . Random

samples were selected from various drums for homogeneity tests and for charac-

terization by the Bureau . No significant differences were noted for samples

from various drums using the characterization techniques .

ELEMENTAL ANALYSIS

Optical Emission Spectrography7

Dilutions of 1 : 1 , 1 : 9 , and 1:49 were made for semiquantitative determina-

tions on the five NIEHS test materials . The samples were prepared as follows :

1 : 1--One part of sample plus one part of high-purity graphite .

1 : 9--One part of the 1 : 1 dilution and four parts of graphite .

1 : 49--One part of the 1 : 9 dilution and four parts of graphite .

Fifteen and twenty milligrams of each diluted sample were then excited by

direct current arc , using graphite electrodes in a prism and grating spectro-

graph, respectively . SA #1 plates were used in the grating spectrograph to

record the spectra from 2400 to 3400 A, and 1-N plates were used in the prism

spectrograph for spectra from 3400 to 9000 A. An argon-oxygen atmosphere was

used to eliminate interference from CN bands in the prism spectrograph . Ex-

citation conditions in both spectrographs were 8 amp for 60 sec , and then 15

to 17 amp for an additional 30 to 60 sec . The plates were racked at the end

of the first 60 sec to detect the more volatile elements , then processed ac-

cording to American Society for Testing and Materials E-115 specifications .

Sample spectra were then compared with spectra on master plates prepared under

identical conditions using various concentrations of 50 elements . Semiquan-

titative results for 22 elements are given in table 1 .

7Optical spectrographic analyses by James B. Zink, chemist , Avondale Research

Center , Avondale , Md .
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Chemical-Instrumental Analysis8

Major Elements

Major constituents were determined by the well -established silicate rock

procedure described by Jeffery ( 7) in which silica is determined gravimetri-

cally . Ammonia is used to precipitate the R203 group , followed by determina-

tion of calcium, magnesium , aluminum, and iron . Atomic absorption was used

for iron concentrations of <2 percent , dichromate titration on a separate

sample for >2 percent iron , and ferrous iron by titration also on a separate

sample .

To check the accuracy of the determinations , samples of the U.S.

Geological Survey W-1 standard dibasic rock (8 ) were analyzed with the test.

materials . A comparison between the published values and Bureau data is sum-

marized in table 2. The Bureau values represent the range of eight individual

determinations . Concentrations of the major elements in the five test mate-

rials are summarized in table 3 .

TABLE 2 .

Element

Aluminum...

Calcium .

Iron....

...

Magnesium .

Silicon ..

Titanium ..

·

·

-
Comparison of measured and

accepted values for major

elements in USGS standard

dibasic rock W- 1

Concentration range , weight-percent

Accepted

7.66- 8.28

7.71- 7.95

7.57-7.95

3.78- 4.20

24.34-24.66

.52- .76

Bureau of Mines

7.91- 7.97

7.66- 7.84

7.53- 7.85

Minor and Trace Elements

3.96 4.12

24.03-24.41

.69- .75

Minor elements were determined by a chemical dissolution-atomic absorp-

tion procedure . A 1 -gram sample was decomposed by a HF-HNO3 -HC104 fusion ,

followed by dissolution of the essentially silica-free products in a dilute

HC1 -HNO3 solution . The minor and trace elements were determined in the dilute

acid solution by atomic absorption spectrophotometry . Two potential sources

of analytical error , incomplete dissolution and contamination of the analyti-

cal solution , were minimized by adherence to accepted analytical practices .

Reliability of the combined dissolution-atomic absorption procedure was

checked , using the NBS Fly Ash SRM 1633 ( table 4 ) . A sample of the fly ash

8Chemical instrumental analyses were provided by R. C. Gabler , Jr. , research

chemist ; R. L. Stoll and R. P. Lambert , student trainees in Chemical

Engineering ; and Louis Reichel , student trainee in Chemistry , Avondale

Research Center , Avondale , Md .
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standard was analyzed with each set of test materials so that the ranges

represent 5 to 10 individual analyses . Concentrations of trace and minor

elements in the five NIEHS test materials are shown in table 3 .

TABLE 3 . -
Chemical- instrumental analyses of NIEHS test materials

Oxides
Amosite Crocidolite

Weight-percent

Chrysotile

COF-25

Chrysotile

Plastibest-20

Tremolitel

A1 203....
0.42 0.07 0.66 1.47 1.57

Ca0 . .48 1.04 .32 .05 11.26

Fe0 .

Fe203.

34.61 18.32 ND ND ND

2.24 18.62 2.02

Mgo . 6.22... 3.81 40.62

2.93

40.26

.27

26.71

K20 .

Si02.

Na20.

TiO2

...

.. .30 .07 ND .08 .18

50.36 48.73 39.77 39.90 54.00

.03 4.43 .01 .04 .80

ND .07 .03 .04 .03

Li20 . ND ND ND ND .02

Mn0... 2.66 .08 .07 .06 .05

Sn0 . ND ND ND ND .01

Sro . ND ND ND ND .03

Bi203 . ND ND ND ND .01

Cr203. .03 .02 .17 .06 ND

Nio . .01 ND .17 .06 ND

Co20 3 . ND ND .01 ND ND

CO2 .. .88 2.18 .78 .51 .78

H20-
.15 .45 1.54 1.17 .24

H20+ .
22.30 2.10 12.69 12.81 3.73

Total 100.69 99.99 98.86 99.44 99.69

ND Not detected .

¹Contains 25 percent serpentine , talc , and other minerals .

2Corrected for structural water converted to hydrogen as a result of auto-

oxidation of ferrous to ferric iron .

TABLE 4 .
-

Comparison of measured and

certified values for

NBS Fly Ash SRM 1633

Concentration range , ppm

Element

Certified Bureau of Mines

Barium.... 2,270- 3,070 2,500- 2,660

Bismuth .... 47- 75 39- 58

Chromium. 129- 133 108- 140

Cobalt ..... 38- 46 48- 64

Copper....
123- 133 116- 140

Lead ...... 66- 74 72- 87

Manganese ..
486- 500

Nickel .....

Potassium..

Zinc ....

95- 101

15,000-19,000

190- 230

450- 510

90-

14,000-20,000

190- 210

105
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Water and Carbon Dioxide9

Water and carbon dioxide were determined gravimetrically using absorption

tubes with a thermogravimetric analyzer . (See Thermographic Analysis section

for details . ) The inert carrier gas was purified by serial passage through

( 1 ) copper wire heated to 600 ° C , ( 2 ) a tube filled with ascarite ( NaOH +

asbestos) , ( 3 ) an absorption tube filled with anhydrone (MgC104 ) , and (4 ) a

glass wool filter . Carbon dioxide and water released from the sample during

the heating cycle , together with precleaned carrier gas , are passed through

tubes filled with anhydrone and ascarite to collect the water and carbon

dioxide , respectively . Two parallel sets of these absorption tubes were used :

one set collected the water and carbon dioxide released from room temperature

to 110 ° C ; and the other set was for the temperature range 110° to 1,100 ° C.

The analytical system also included backup tubes , filled with ascarite and

anhydrone to collect any carbon dioxide and water that passed through the

primary collectors .

The carbon dioxide and water values given in table 3 are from room tem-

perature to 1,100 ° C. There were no significant differences in the values for

carbon dioxide and water (+) over the range from room temperature to 1,100 ° C ,

compared with 110° to 1,100 ° C range . Weight loss data from the thermogravi-

metric analyzer were in excellent agreement with the absorption values .

SURFACE AREA 10

Specific surface areas were determined by the flowing gas -B.E.T . method .

In this procedure , nitrogen gas is adsorbed by the sample from a stream of

nitrogen in helium, then the nitrogen is desorbed from the sample and

measured . The quantity of nitrogen adsorbed per unit weight of sample is a

function of the available surface area . Measurements were conducted on a

Perkin-Elmer 212D Sorptometer and a Quantachrome QS-7 Quantasorb .

Temperature and time period must be adequate for complete degassing of

the sample , but temperature must also be accurately selected so as not to

alter the sample surface being measured . Tests conducted with the Quanta sorb

showed significant variations in the measured surface area values when de-

gassing conditions were not carefully controlled . Table 5 summarizes de-

gassing parameters for the five test materials and four surface area stand-

ards .

Table 6 compares values obtained with the two surface area instruments

with recommended values for four surface area standards . The five NIEHS test

materials were run in triplicate from 5 to 10 lots of each material ; there-

fore , the values listed in table 7 represent the average of 15 to 30 inde-

pendent measurements .

9Data provided by R. E. Brown , physical science technician , Avondale Research

Center , Avondale , Md .

10Data provided by R. C. Gabler , Jr. , research chemist ; R. L. Stoll and R. P.

Lambert , student trainees in Chemical Engineering ; and Louis Reichel ,

student trainee in Chemistry , Avondale Research Center , Avondale , Md .
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TABLE 5 .
-
Degassing parameters for surface

area measurements¹

Sample

Temperature ,

• C

Time , hr

Materials :

Amosite... 350

Chrysotile Plastibest- 20 .. 390

Chrysotile COF- 25 ..... 390

Crocidolite ...

Tremolite .

Standards :

Aminco anatase ...

420

200

∞
∞
∞
7
8

300 6

Aminco bone char ....

Aminco silica spheres ..

150 16

105 8

200 16Reno alumina ...

1Samples degassed under flowing helium for Perkin-Elmer

212D Sorptometer and under 10-3 torr vacuum for

Quantachrome QS-7 Quantasorb .

TABLE 6 .
-

Comparison of surface area measurements

on reference materials

Surface area , m²/g Relative error ,

Sample

Aminco anatase ...

Listed

10.2

Aminco bone char ....

Found

18.7 ± 0.4

percent

14.9

210.3 ± .6 1.0

164.6 ± 2.3 12.2

73.6

253.4 ± 5.0 27.4

123.4 ± 2.1 .8
Aminco silica spheres ...

23.6

Reno Research Center

alumina catalyst ...... 163.4 ± 1.3 2159.7 2.5 2.3

1Perkin-Elmer 212D Sorptometer .

2Quantachrome QS- 7 Quantasorb .

TABLE 7 . -
Surface area values for NIEHS test materials

Sample
Perkin-Elmer Quantachrome

3.7 ± 0.4Tremolite¹ ...

Chrysotile COF- 25 ...

Chrysotile Plastibest- 20 ..

Amosite ....

Crocidolite ....

Specific surface area , m2/g

5.2 ± 0.5

54.2 ± .9

24.92.2

4.0 ± .1

9.8 ± 1.0

54.3 ± 3.9

20.2 + .1

3.6 ± .3

10.4 ± .9

Contains 25 percent serpentine , talc , and other minerals .
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DENSITY 11

Densities of the five test materials were determined by pycnometric

measurements ; ethanol was used as the liquid medium because its wetting

characteristics are superior to those of water . Sample size ranged from

approximately 0.5 to 1 gram for amosite , chrysotile (Plastibest -20) , and

crocidolite , to 2.5 grams for chrysotile ( COF-25 ) and tremolite . Particle

size and shape of the test materials were the critical parameters in de-

termining the weight of sample placed in the 50 -ml pycnometers .

Samples were dried for 1 hour at 115 ° C to remove adsorbed moisture .

The pycnometers containing the test materials were placed under slightly nega-

tive pressure for several minutes to eliminate entrapped air . All pycnom-

eters , with and without samples , were brought to volume slowly with ethanol ,

in a constant temperature bath of 20 ° ±0.05 °C .

The specific gravity of the samples relative to ethanol was calculated

using the following equation :

c -a

Specific gravity
=

(b-a) (d-c)
-

where a

b

=
weight of empty pycnometer ,

=
weight of pycnometer + ethanol ,

с =

(1)

weight of pycnometer + sample , and

d = weight of pycnometer + sample + ethanol .

The specific gravity values based on ethanol are converted to densities by

multiplying by the ratio of densities of ethanol to water at 20° C.

There was a slight weight loss of the ethanol and water (for conversion

to density) during the time required to accurately transfer and weight the

pycnometers . This source of error was minimized by recording the weight

versus time and extrapolating back to time zero . For each set of measure-

ments , a control pycnometer with alcohol only was included to check the density

of the alcohol . Absorption of moisture by the alcohol results in a slight

increase in the specific gravity .

The reliability of the pycnometer method was checked using powdered

silicon and zinc samples ; the pycnometer-determined values listed in table 8

are in good agreement with the literature values . Densities of the NIEHS

test materials are listed in table 9. The relatively high standard devia-

tion for the crocidolite is possibly related to the large variation in

particle size for crocidolite , compared with the other test materials .

11Data provided by R. C. Gabler , Jr. , research chemist ; R. L. Stoll and R. P.

Lambert , student trainees in Chemical Engineering ; and Louis Reichel ,

student trainee in Chemistry , Avondale Research Center , Avondale , Md .
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TABLE 8 .

Sample

-
· Comparison of measured and

literature densities for

silicon and zinc

Density , g/cm3

Silicon ...

Zinc ...

Literature

2.33 ± 0.01

7.14

Measured

2.33 ± 0.06

7.13 ± .036

TABLE 9 .
-

Densities of NIEHS test materials

Material

Tremolitel

Chrysotile COF-25 ....

Chrysotile Plastibest- 20..

Amosite ...

Crocidolite .

Density , g/cm³

2.907

2.577

2.607

3.350

3.32

Standard deviation ,

g/cm
3

± 0.010

± .022

± .016

± .026

± .08

1Contains 25 percent serpentine , talc , and other minerals .

BENZENE-EXTRACTED ORGANICS 12

The organic content of the NIEHS materials was determined by the method

described by Gibbs and Hui (4) . Twenty to fifty grams of each sample wa s

weighed into extraction thimbles of sintered glass , placed in a Soxhlet ex-

traction apparatus , and extracted with redistilled benzene for 8 hours . The

solvent was then distilled to low bulk , transferred to a platinum dish,

evaporated to dryness under vacuum, and the residue weighed . Table 10 shows

that the extractable organic content of the tremolite sample was significantly

lower than the four asbestos samples .

12.

Data provided by W. F. Lowry, supervisory chemist , Avondale Research Center ,

Avondale , Md .
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TABLE 10.
-

Benzene-extracted organics in NIEHS test materials

Organics extracted , weight percent

Sample Chrysotile

Amosite Crocidolite
Chrysotile

Tremolitel

COF-25 Plastibest- 20

1 . 0.029 0.051 0.018 0.008 0.003

2 . .024 .036 NA .012 .006

3 .... .012 .034 .016 .011 .005

4.... .034 .042 .028 .013 .001

5 ... .014 NA .027 .011 .003

6 ...

7.

8 . ·

9 ....

.020 NA .041 .008 .001

.012.. ΝΑ ΝΑ .013 NA

ΝΑ ΝΑ ΝΑ .007 NA

ΝΑ ΝΑ NA .017 ΝΑ

10 ..... ΝΑ ΝΑ ΝΑ .009 ΝΑ

Average
.021 .041 .026 .011 .003

ΝΑ Not analyzed .

¹Contains 25 percent serpentine , talc , and other minerals .

X-RAY DIFFRACTION 13

Powder X-ray diffraction data were obtained with a Philips Electronics

wide-angle X-ray diffractometer , using a theta-compensating slit and an AMR

focusing monochromator . The gas proportional detector was coupled to a solid

state linear amplifier and single-channel analyzer . The scans were made

at 1/4° 20/min , with a 0.2 -mm receiving slit , ratemeter setting of 3 -percent

standard deviation , a multiplier value of 1 x 103 , using Cuka radiation at

40 kv , 20 ma .

X-ray diffraction charts were run for six to nine samples of each test

material . Two theta values were located by measuring the diffraction peak

centers . These measured values were corrected , where necessary , from cali-

bration data obtained with the silicon standard run immediately after each

sample . X-ray diffraction data for the five test materials are listed in

tables 11 through 15. Accessory minerals noted in these tables are discussed

in the Mineralogy section of this report .

13Data provided by C. W. Huggins , research chemist ; M. A. Cargill and K. M.

Reeve , physical science aids , Avondale Research Center , Avondale , Md .
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TABLE 11 . -

hkl 20 d

obs dlit¹

Powder X-ray diffraction data , chrysotile COF-25

Other mineralsI

002 12.01 7.368 7.36 100

(2)
18.59 4.772 (2) 4 Brucite .

020 19.84 4.474 4.58 13

004 24.32 3.659 3.66 100

(2) 29.37 3.040 (2) 3 Calcite .

130 ND ND 2.66 ND

201 34.56 2.595 2.594 13

202 35.61 2.521 2.549 11

202 36.76 2.444 2.456 15

203 ND ND 2.282 ND

204 ND ND 2.215 ND

204 43.07 2.100 2.096 3

008 49.92 1.826 1.829 5

206 52.32 1.748 1.748 3

060 60.15 1.538 1.536 28

0.0.10 63.61 1.462 1.465 5

402 72.02 1.311 1.317 10

0.0.12 78.51 1.218 (3) 3

ND Not detected .

1Values from PDF card 10-381 .

20ther mineral .

3Not listed on card .
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TABLE 12 . -
Powder X-ray diffraction data , chrysotile Plastibest-20

hkl 20 d

obs
dlit¹

I Other minerals

(2) 11.18 7.913 ( 2) 12 Apophyllite .

002 12.05 7.344 7.36 >100

(2) 18.62 4.765 (2) 28 Brucite .

(2) 19.84 4.474 (2)
18

Apophyllite .

020 ND ND 4.58 ND

(2) 20.77 4.276 (2) 5

(2) 22.36 3.975 (2)
4

Quartz?

Apophyllite .

004 24.32 3.659 3.66 >100

(2) 26.64 3.346 (2) 9 Quartz?

(2) 27.46 3.247 (2) 3

(2)
27.93 3.194 2 Albite?

(2) 29.45 3.032 (2) 2

(2) 30.09 2.969 (2) 2

Calcite .

Magnetite .

130 ND ND 2.66 ND

201 34.52 2.598 2.594 10

202 35.43 2.533 2.549 15

(2) 35.95 2.498 (2) 8
Apophyllite .

202 36.82 2.440 2.456 19

(2) 37.89 2.374 (2) 4 Brucite .

203 ND ND 2.282 ND

204 ND ND 2.215 ND

204 43.06 2.100 2.096 4

008 49.90 1.827 1.829 7

(2) 50.81 1.796 (2) 2 Brucite .

206 ND ND 1.748 ND

(2) 56.96 1.616 (2) 4
Magnetite .

060 60.26 1.535 1.536 30

(2) 62.50 1.485 (2) 3 Brucite or magnetite .

0.0.10 63.57 1.463 1.465 6

(2) 68.27 1.373 (2) 3 Brucite .

402 71.97 1.311 1.317 7

0.0.12 78.44 1.219 (3) 4

ND Not detected .

lValues from PDF card 10-381 .

20ther Mineral .

Not listed on card .
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TABLE 13 .
·
Powder X-ray diffraction data , tremolite

hkl 20 d

obs dcalcl
I Other minerals

(2) 8.80 10.048 (2) 4 Mica .

(2) 9.44 9.368 (2) 9 Talc .

020 9.82 9.010 9.025 9

110 10.52 8.376 8.417 >100

(2) 12.13 7.296 (2) 35 Serpentine .

130 17.44 5.085 5.085 8

-111 18.21 4.872 4.877 4

200 18.65 4.758 4.758 35

040 19.68 4.511 4.512 11

220 21.14 4.202 4.209 94

-131 22.94 3.876 3.875 4

(2) 24.37 3.652 (2) 29 Serpentine .

131 26.37 3.379 3.381 18

240 27.24 3.273 3.274 74

(2) 27.60 3.231 (2) 4
Anthophyllite .

310 28.59 3.122 3.124 >>100

(2) 29.44 3.033 (2) 12 Calcite .

-151 2.940

30.40 2.940 30

221 2.940

330 31.92 2.804 2.806 >100

-331 32.79 2.731 2.731 22

151 33.11 2.705 2.706 36

061 34.60 2.592 2.592 10

-202 35.44 2.532 2.533 9

(2)
35.96 2.497 (2) 2 Calcite .

-261 2.410

37.37 2.406 4

311 2.410

350 37.75 2.382 2.383 24

-351 38.52 2.337 2.336 30

-421 38.77 2.322 2.321 30

-171 39.17 2.299 2.298 11

-312 39.65 2.273 2.274 5

331 39.96 2.256 2.255 2

-242 40.82 2.211 2.209 2

132

261
}

( 2.166

41.79 2.161 25

2.162

440 42.95 2.105 2.104

202 44.34 2.042 2.044

2
7

2

7

351

-402
}

2.017

44.95 2.016 22
2.014

2
2

370 45.32 2.001 2.001 13

-371 45.98 1.973 1.973 2

-422

190 }

1.965

46.24 1.963 6

1.962

421 47.13 1.928 1.928 4

510 48.08 1.892 1.893 90

See footnotes at end of table .
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TABLE 13 . -
Powder X-ray diffraction data , tremolite--Continued

hkl 20 d d

obs calcl
I Other minerals

-461 48.48 1.877 1.877 2

-191 48.84 1.864 1.865 6

530 50.33 1.813 1.815 50

-512 52.38 1.746 1.745 5

-551 53.29 1.718 1.718 3

-282 1.684

54.49 1.684 7

-133 1.684

461 55.73 1.649 1.650 60

480 56.21 1.636 1.637 20

1.11.0 56.97 1.616 1.617 12

600 58.18 1.586 1.586 42

620 1.562

59.16 1.561 12

2.10.1 1.561

-571 1.557

59.36 1.557 8

402 1.555

-602 1.533

60.40 1.532 21

422 1.532

-263 61.28 1.512 1.512 5

-482 1.502

61.74 1.502 25

551 1.502

-2.10.2 1.470

63.27 1.469 6

442 1.470

3.11.0 63.86 1.457 1.457 5

4.10.0 1.438

64.86 1.438 85

-661 1.438

-533 65.55 1.424 1.425 3

-591

621 }

1.399
66.87 1.399 10

1.399

¹Calculations based on the following unit cell dimensions :

a = 9.837A; b = 18.049A; c = 5.277A; B = 104.69° .

These dimensions were calculated by least-square refinement

of the 54 20 values for tremolite , assuming a space group

of C2/m.

20ther mineral .
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TABLE 14. -
Powder X- ray diffraction data , amosite

hkl 20
dobs dcalc¹

I Other minerals

(2) 7.37 11.994 (2) 5

(2) 8.76 10.094 (2) 10 Mica .

020 9.70 9.118 9.156 8

110 10.66 8.299 8.325 >100

130 17.38 5.099 5.111 2

200 18.99 4.673 4.673 28

040 19.41 4.573 4.578 7

(2) 20.90 4.250 (2) 4 Quartz .

220 21.34 4.164 4.162 26

150 26.16 3.406 3.410 2

(2)
26.44 3.371 (2) 8 Mica .

(2)
26.68 3.341 (2) 23 Quartz .

240 27.27 3.270 3.270 50

310 29.08 3.071 3.071 >>100

(2) 30.61 2.921 (2) 2 Mica .

330 32.26 2.775 2.775 33

061 34.03 2.634 2.636 6

260 35.12 2.555 2.555 4

-202 35.69 2.156 2.153 3

(2) 36.59 2.456 (2) 2 Mica .

350 37.89 2.374 2.373 4

400 38.49 2.339 2.337 7

261 41.01 2.201 2.200

(2) 42.49 2.127 (2)

440 43.44 2.083 2.081

8
1
3

370 45.24 2.004 2.003 2

510 48.97 1.860 1.860 7

312 50.17 1.818 1.817

530 51.02 1.790 1.787

550 55.12 1.666 1.665 12

1.11.0 56.12 1.639 1.639 15

3
+
2
4

-403 1.560

59.27 1.559 26

-621 1.562

0.12.0 60.69 1.526 1.526 11

640 63.31 1.469 1.475 6

462 1.408

-642 66.42 1.407 1.407 14

-661 1.406

710 70.67 1.333 1.332 12

730 72.42 1.305 1.304 5

4.12.0 74.19 1.278 1.278 5

751 82.48 1.169 1.170 6

1Calculations based on the following unit all dimensions :

a = 9.551A; b = 18.312A; c = 5.344A; B = 101.88 ° .

20ther mineral .
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TABLE 15 .
-
Powder X-ray diffraction data , crocidolite

hkl 20 dobs dcalcl

I Other minerals

(2)
9.48 9.328 (2)

4 Talc?

020 9.91 8.931 9.002 5

110 10.61 8.341 8.369 >100

(2) 12.33 7.178 (2) 1 Chlorite?

200 18.80 4.721 4.726 2

040 19.72 4.502 4.501 25

(2) 20.90 4.250 (2)
2

Quartz .

131 22.92 3.879 3.876 2

221 24.42 3.645 3.650 1

131 26.11 3.412 3.412 15

150 26.50 3.362 3.364 6

(2) 26.71 3.337 (2) 17 Quartz .

240 27.36 3.259 3.259 18

310 28.76 3.104 3.104 >100

221 30.12 2.966 2.966 4

(2)
30.83 2.900 (2) 6

Epidote?

330 32.10 2.788 2.789 20

151 32.92 2.720 2.719 28

061 34.52 2.598 2.596 10

260 35.47 2.531 2.533 10

400 38.00 2.367 2.363 3

351 38.85 2.318 2.318 10

171 2.294

39.18 2.299 4

421 12.294

270 39.88 2.260 2.259 3

360 41.56 2.173 2.173 13

361 42.48 2.128 2.131 2

441 (2.098

43.15 2.096 2

440 2.092

202 43.60 2.075 2.075

351 44.71 2.026 2.024

370 45.47 1.994 1.993

2
8
3

2

281 1.961

46.28 1.961 2

371 1.961

262 1.938

46.90 1.937 1

421 1.934

431 71.881

48.38 1.881 3

510 1.880

191 48.89 1.862 1.861

441 50.23 1.816 1.813

530 50.61 1.803 1.803

4
4
8

512 1.727
53.04 1.726 2

332 1.726

See footnotes at end of table .
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TABLE 15 .
-
Powder X-ray diffraction data , crocidolite--

Continued

I Other mineralshkl 20 dobs dcalc¹

133 53.91 1.700 1.701

313 54.44 1.685 1.685

550 54.94 1.671 1.673

2
3
3

501 1.654

55.50 1.655 15

461 1.653

480 56.38 1.631 1.630 8

601 1.617

57.01 1.615 18

1.11.0 1.613

621 1.592

57.95 1.591 3

153 1.591

600 1.575

58.57 1.575 8

133 1.574

571 60.01 1.541 1.543 2

551 61.66 1.504 1.503 14

481 1.486

153 62.61 1.483 1.486 3

442 1.482

513 64.00 1.454 1.453 6

572 1.438

642 65.03 1.434 1.435 5

4.10.1 1.434

661 65.50 1.424 1.423 15

631 1.379

313 68.08 1.377 1.378 5

590 1.374

333 1.347

69.77 1.347

710 1.346

751 1.296

73.06 1.295 8

740 1.294

573 1.268

4.12.0 74.86 1.268 1.267 2

750 1.265

¹Calculations based on the following unit cell dimensions

in angstroms : a =a = 9.730 ; b = 18.004 ; c = 5.331 ;

B == 103.69 degrees . These dimensions were calculated

by least -square refinement of the 49 20 values for

crocidolite , assuming a space group of C2/m.

20ther mineral .
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INFRARED SPECTROSCOPY 14

Samples were prepared for infrared spectroscopy by using a procedure

similar to that described by Coles (2) . Eight drops of isopropyl alcohol

were added to a 50-mg sample in an agate mortar and hand-ground until dry .

Five milligrams of this ground sample was blended with 1,000 mg of potassium

bromide in a Wig-L-Bug for 1 min . Of this mixture , 175 mg was pressed into

a 13-mm-diam disk, using a Perkin-Elmer evacuation die .

The resultant clear disk was scanned from 4,000 to 200 cm- 1 , using a

Perkin-Elmer 225 infrared grating spectrophotometer at the following instrument

settings :

scale factor = 4 ;

scan speed , fast = 2.0 ;

pen traverse time = 3 sec ;

suppression = 2.0 ;

slits , manual = 0 ;

program = 5 ;

gain = 0.20;

response = 1.0 ; and

intensity = 8.0.

Infrared spectra for the five test materials are shown in figures 4

through 8. The doublet hydroxyl modes were 3,690 and 3,640 cm- 1 for the two

chrysotile samples , COF-25 and Plastibest , and for the approximately 25

percent serpentine in the tremolite sample . Hydroxyl modes were 3,635 and

3,615 cm-1 for amosite and crocidolite respectively.
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FIGURE 4.
-

Infrared spectra of chrysotile COF-25 .

14Data provided by C. W. Huggins , research chemist , and M. A. Cargill ,

physical science aid , Avondale Research Center , Avondale , Md .
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FIGURE 5. - Infrared spectra of chrysotile Plastibest - 20 .
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FIGURE 7. - Infrared spectra of amosite .
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FIGURE 8 . - Infrared spectra of crocidolite .

Both serpentine and amphibole minerals exhibit strong absorption in the

900 to 1,200 cm 1 region , which is attributable to Si -0 stretching vibrations ,

and in the 300 to 600 cm 1 region , as a result of Si-0 chain and ring vibra-

tions .

-1

THERMOGRAVIMETRIC ANALYSIS 15`

All thermogravimetric analyses ( TGA) were conducted , using either a Cahn

RG or RH electrobalance contained in Cahn glass vacuum bottles .
The more

sensitive RG electrobalance was equipped with a standard Cahn 9 -mm-diam plati-

num stirrup-pan that holds approximately a 20-mg sample . A Cahn mullite

Flowthru tube , 16-mm ID, enclosed the sample and the platinum suspension wire .

Sample heating was achieved with a 1-1/4-inch-ID by 6- inch-long 1,500 ° C

platinum-wound furnace , fabricated by the Bureau .

The larger capacity RH electrobalance was fitted with a Cahn Vycor

Flowthru tube with a 48-mm ID . Sample crucibles were fabricated from either

platinum or high-purity recrystallized alumina . The majority of TGA runs in

the RH electrobalance consisted of sample weights of 1 gram contained in

platinum crucibles of 5-cm³ capacity . The TGA carbon dioxide and/or water

absorption studies used 5-gram samples in a 15-cm³ alumina crucible , placed

in a 25-cm³ platinum crucible . The suspension wire and stirrup arrangement

consisted of 0.005- inch-diam platinum wire . A SATEC SF-15 three-zone Kanthal-

wound furnace , 2.5- inch-ID by 10 inches long of split construction , was used

up to 1,200° C.

Automatic temperature programming for both the RG and RH electrobalance

was accomplished by linking each furnace with separate , but identical , Theta

Industries No. 7200 SCR systems , equipped with platinum versus platinum-10

percent rhodium-control thermocouples located near the heating elements .

Average heating rates were 5° C per min for all TGA runs except for TGA-

absorption tests that employed heating rates of 12 ° C/min .

15Data provided by R. E. Brown , physical science technician , Avondale Research

Center , Avondale , Md .
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Measuring thermocouples , composed of platinum versus platinum-10 -percent-

rhodium , were introduced internally through a T located at the bottom of the

Flowthru tubes and were centrally positioned one-fourth-inch from the base of

the sample containers . An electronic ice point compensator was used to con-

vert reference temperatures to 0 ° C. The output of the electrobalance control

unit was fed into a Cahn No. 7300 automatic range expander to amplify the

signal by a factor of 10. Temperatures versus weight change measurements were

recorded on the X and Y axis , respectively , of a Hewlett -Packard No. 7054A X-Y

recorder .

Flowthru tube joints were fitted with vacuum-tight seals for connection

to mechanical vacuum pumps , gas-drying chambers , gas inlets and/or outlets ,

flowmeters , pressure gauges , etc. After weighing the sample on the pan or

crucible , the system was evacuated down to 50 microns , then filled with either

nitrogen , helium, or air . This evacuation -gas fill procedure was repeated two

more times , totaling three , to insure removal of any residual gas and/or

vapors from previous runs . An additional bakeout step was performed at 110 ° C

for TGA-absorption runs . Gases were introduced through the side port of the

flowthru tube and allowed to exit through the lower port . Gasflow rates at

ambient pressure were 5 cm³/min and 50 cm³/min , for the RG and RH electro-

balance respectively , during normal runs . Faster flow rates of 0.5 1/min at

reduced pressures of 650 torr , were employed for TGA-absorption tests con-

ducted in the RH electrobalance .

Thermogravimetric analysis -absorption tests were designed to obtain

gravimetric water and carbon dioxide values , along with the weight loss versus

temperature thermograms . These tests involved insertion of a gas-train

package between the exit end of the flowthru tube and a vacuum source . The

gas-train package was composed of two identical sets of absorption bottles ,

with seven bottles per set . Heavy-walled rubber tubing was used to connect

the seven bottles of each set in series . The first three bottles of each set

contained magnesium perchlorate to absorb water , the next three bottles con-

tained ascarite to absorb carbon dioxide , and the seventh bottle contained

magnesium perchlorate plus ascarite for backflow protection . Bottles 1 and 4

were the primary absorption vessels , bottles 2 and 5 were used for backup pro-

tection , whereas bottles 3 and 6 were used for possible temperature and

pressure corrections . Both sets were connected in parallel via two -way

valves connected at each end , which made it possible to change the bottles

without interrupting the gasflow. Water and carbon dioxide data for the NIEHS

materials are listed in table 3 .

Typical thermogravimetric scans for the five test materials are shown in

figures 9 through 13. The two chrysotiles and the tremolite were heated in

an airflow of 50 ml/min . Amosite and crocidolite were heated in a nitrogen

flow of 50 ml/min . The large weight loss between 550 ° and 650 ° C , ( shown in

fig . 9-11 ) is a result of the dehydroxylation of serpentine . Crocidolite lost

water at approximately 600 ° to 700 ° C in neutral atmosphere , amosite dehydrox-

ylated between 600 ° and 800 ° C in nitrogen . Tremolite did not lose its com-

bined water until approximately 1,000° C was exceeded .
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Thermogravimetric scan in air

for chrysotile COF- 25 .
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800 1,000 1,200

Thermogravimetric scan in air

for chrysotile Plastibest -20 .
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Thermogravimetric scan in air for

tremolite-serpentine- talc .

4.0

0 200 400 600

FIGURE 12 .
-

800 1,000 1,200

TEMPERATURE, 'C

Thermogravimetric scan in

nitrogen for amosite .
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800 1,000 1,200

TEMPERATURE, ° C

Thermogravimetric scan in nitrogen

for crocidolite .

DIFFERENTIAL THERMAL ANALYSIS 16

The Dupont 900 differential thermal analyzer ( DTA) was equipped with

1,200° and 1,600 ° C cells . Sample and reference thermocouples were platinum

versus platinum-13 percent -rhodium . Again , an electronic ice point compensator

was used to convert the reference temperature to 0° C. Twenty-five to fifty

milligrams of sample and aluminum oxide reference material was hand-packed in

platinum macrocups with platinum liners . Prior to hand packing , the NBS-

International Confederation for Thermal Analysis standard DTA materials-

series 758 and 760 , NIEHS test materials , and aluminum oxide reference were

ground to minus 60 mesh in a Wiley mill .

Endothermic and exothermic peak temperatures measured on the NBS

standards were within 10 ° C of the recommended values . DTA scans were started

at room temperature , then heated at 10° C/min under helium, nitrogen , or air

flowing at 50 ml/min . Scale sensitivities ranged from 0.004 to 0.02 mv/ inch ,

depending on the sample being investigated .

Differential thermal analysis scans for chrysotile are essentially the

same in oxidizing and neutral atmospheres as shown in figures 14 and 15 for

chrysotile Plastibest -20 . The endothermic peak at approximately 650 ° C

results from the dehydroxylation of serpentine , whereas the exothermic peak

16Data provided by R. E. Brown , physical science technician , Avondale Research

Center, Avondale , Md .
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at approximately 830 ° C represents the recrystallization of dehydrated

serpentine to fosterite and enstatite :

Mg3S1205 ( OH ) 4 A 2H2O + Mg2SiO4 + MgSiO3 .ΔΗ
(2)

Similar DTA scans were observed for chrysotile COF-25 ( as shown in fig . 16 ) .

A detailed discussion of behavior of serpentines during thermal decomposition

is given by Faust and Fahey (3) . The endothermic and exothermic peaks for

serpentine were observed at a slightly lower temperature in the tremolite-

serpentine-talc sample ( fig . 17) . The small endothermic peak for tremolite at

approximately 1,000 ° C results from dehydroxylation of the amphibole

structure (9) . Tremolite decomposes thermally to diopside , clinoenstatite ,

and cristobalite :

Ca2Mg5S18022 ( OH) 2 → 2 CaSiO 3 + 5MgSiO3 + SiO2 + H2O .
ΔΗ

(3)

Numerous DTA scans were made with amosite and crocidolite , both as-

received and after extensive Wiley milling to minus 60 mesh . No significant

endothermic or exothermic peaks were noted , and the baseline was continuously

changing . Subsequent scans using NBS standards gave excellent DTA scans , so

that instrument adjustment was not the problem . A possible explanation for

the lack of sensitivity of the DTA scans could be the presence of minor

amounts of carbonates in the samples .

Chrysotile

Plastibest-20

Air: 50cm³/min

Peaktemp.

~360 °C

Peaktemp.

~545°C

Peaktemp.

~835°C

Peaktemp.

~655°C

L L...

150 250 350 450 550 650 750 850

TEMPERATURE , °C

FIGURE 14. - Differential thermograph

for chrysotile

Plastibest- 20

in air .

E
N
D
O

A
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X
O

Chrysotile

Plastibest-20

N,: 50cm³/min

Peaktemp .

~345°C

Peaktemp.

~550°C

150 250 350 450

Peaktemp..

~830°C

Peak temp .

~645°C

550 650 750 850

TEMPERATURE, °C

FIGURE 15. - Differential thermo-

graph for chrysotile

Plastibest- 20 in

nitrogen .
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Tremolite-serpentine-talc
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~600°

~815°C

~1,050°C/

TEMPERATURE, °C

Differential thermograph

for chrysotile COF-25 in

air.

200 400 600 800

TEMPERATURE, 'C

1,000 1,200

FIGURE 17. - Differential thermo-

graph for tremolite-

serpentine -talc in

nitrogen .

MINERALOGY AND PARTICLE SIZE ANALYSES 17

The Bureau provided seven to nine samples of each of the NIEHS test

materials . Because of the current theories in health sciences associating

tumor production to particle size and shape of durable fibers , we will dis-

cuss physical characteristics and measurement methods in detail .

Mineralogy of the samples was established by classical petrographic

microscopic techniques , supplemented by X-ray diffraction . Percentages in

table 16 are based on point-counting techniques , therefore , they represent

volume-percentages . Optical properties of the two chrysotiles , amosite ,

tremolite , and crocidolite are given in table 17 .

17These measurements were performed under the supervision of Professor A. G.

Wylie , Department of Geology , University of Maryland , College Park, Md .

Student assistants who participated in the program were R. Reichlen ,

E. Steel , R. Virta , M. Eisner , L. Johnson , J. Lowry , P. Burke , J. Bergen ,

M. Kempa , D. Kightlinger, D. Vroblesky, B. Schrieber , and P. Sweitzer .
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TABLE 16. Mineralogical composition of NIEHS test materials

Chrysotile

COF-25 .

Chrysotile

Plastibest- 20 .

Amosite ..

Crocidolite ..

Tremolite ..

Abundance , volume-percent

Chrysotile >96 . Minor amounts of calcite , brucite ,

talc , feldspar , quartz , opaques .

Chrysotile >96 . Minor amounts of platy serpentine ,

calcite , brucite , pyroxene , talc , magnetite , and

other opaques .

Grunerite asbestos ~94. Actinolite asbestos 5 .

Minor amounts of biotite , siderite , plagioclase ,

zoisite , glass , opaques , quartz .

Crocidolite 99. Minor amounts of biotite , quartz ,

opaques , feldspar , glass .

Tremolite 72 , serpentine 25.

calcite , phlogopite , anthophyllite .

Minor amounts of talc ,

TABLE 17. Optical properties of NIEHS test materials

Measured

property

Chrysotile Amosite

n

COF-25

1.557

Plastibest-20

1.547

Grunerite

1.674
α

n

β

Elongation .

2V......

Extinction .

NAP

1.562

-75° ± 5°

Parallel

NAP

1.552

-75° ± 5°

Parallel

Positive

NAP

1.698

Actinolite

1.616

NAP

1.620

Crocidolite

1.679

Tremolite

1.602

NAP 1.615

1.684 1.625

Color....

Positive

Colorless Colorless

-85° ± 5°

Parallel

Positive

Light tan

-85° ± 5°

Parallel

Positive

Light green

-75° ± 5°

Parallel

Negative

Blue

-77° ± 5°

20°

Positive

Colorless to

pale green

NAP Not applicable

Particle Size Distribution

Traditional techniques employed in mineral size distribution studies

produce data which reflect abundances that can be related to volume-

percentages . When a wide range of sizes is represented in a sample , the

majority of the sample volume (or weight , if the sample is monomineralic ) is

contained in the larger size classes . This is true even though most of the

particles are found in the smaller size classes . Conversely , data based on

the number of particles are difficult to relate to measured weights or volumes

of a sample . Therefore , to adequately characterize a sample , both types of

data--volume-percent and number of particles --are necessary .

Volume-percentages are usually obtained by point -counting procedures ,

such as recording data for all particles that fall at the intersection of

grid lines . However , for a sample in which the particles are widely sepa-

rated , this approach is time consuming because so much of the slide , tab , or

grid is void of particles . Therefore , in characterizing these samples by
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volume , a line traverse across the dispersed sample was used , and the length

and width of each particle crossing the line were recorded . This technique

for generating volume data is based on the important assumption that all

fibers in the sample have the same width . The particles that comprise the

four asbestos samples are fibrous ; therefore , the width is generally insig-

nificant with respect to length . Whether or not a particle intersects a line

traverse is therefore more influenced by length than by width . Scanning

electron microscope ( SEM) data indicate that there is only a small systematic

variation of width with respect to length . Therefore , the assumption of a

constant width is not unreasonable , and the small error introduced by using

this assumption is acceptable for fibers . Use of a line traverse to generate

volume data is invalid for nonfibrous samples and was not used for tremolite .

Area counting involves counting all particles that fall in some randomly

chosen area . Modified area counting involves using a grid over a dispersed

sample preparation and counting particles whose centers fall closest to the

grid intersections . Both approaches effectively reduce all particles to

points and generate data that give the distribution of particle sizes , accord-

ing to the number of particles . Thus , a large particle and a small particle

are counted equally . By measuring the length and width of every particle ,

these data can be used to calculate volume-percentages if the magnitude of the

third dimension , thickness , is determined . Volume-percentages were calculated

for the crocidolite , amo site , and the long-fiber chrysotile . Estimates of the

third dimension were based on shadowing effects as measured with the trans-

mission electron microscope ( TEM) (6) . Volumes for the long-fiber chrysotile

were calculated from the equation for a cylinder with the width of the fiber

equivalent to diameter . Amosite was assumed to have a rectangular cross

section with a third dimension equal to one -half the width . Crocidolite was

assumed to have a rectangular cross section , with its third dimension equal to

one-third the width .

In characterizing the size distribution of any sample of particulates ,

the techniques used in data gathering should be carefully outlined so it is

clear whether volumes or numbers of particles are being described . The dif-

ference in these two methods of data collection is illustrated in figure 18 .

A sample of amosite was counted twice , by area counting and by line traverse .

Area counting shows the most abundant particles are in the small size frac-

tions ; the line traverse shows a significant fraction of larger sized

particles . The mean length by area counting is 18 μm ; the mean length by

line traverse is 73 μm .
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FIGURE 18. - Frequency distribution of amosite by number of particles

and volume as a function of length .

Optical Microscopy

A Zeiss petrographic microscope , equipped with phase contrast and a

calibrated micrometer eyepiece , was used for all optical measurements . The

following limitations of the technique should be kept in mind in evaluating

the data obtained using optical microscopy (OM) .

The optical microscope will not resolve particles less than a few tenths

of a micrometer in width . This restriction effectively removes an unknown ,

but probably large , percentage of the total number of particles present in any

sample . However , in terms of volume , only a small percentage of the sample

remains unresolved . The short - fiber chrysotile represents the worst case

situation as the fibers are both short and thin . SEM and TEM measurements

indicate that approximately 10 percent by volume of the short -fiber chrysotile

is unresolved by OM. Therefore , the data obtained by OM represent the larger

particles that comprise 90 percent of the sample volume . The volume-

percentage measured by OM is considerably higher for the other samples whose

particles have average widths and lengths much greater than those of the

short-fiber chrysotile .

Both area counts and line traverses were performed by OM for the amosite ,

crocidolite , and long-fiber chrysot ile . The volume data are a reasonable

characterization of the sample ; the particle number data are only valid for

those particles exceeding 0.2 µm in both dimensions .
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The widths of most of the particles studied were less than 1 um. The

smallest division of the micrometer ocular at X 500 magnification is 2.4 um .

The uncertainty in the measurements is of the order of 1/8- to 1/4 -scale

division (approximately 0.3 to 0.6 um) ; therefore , widths of less than lµm

cannot be accurately measured by OM.

It was possible to measure widths relative to lengths and thus to cal-

culate the aspect ratio for the relatively large tremolite particles . Aspect

ratios were not calculated from OM data for the four asbestos samples because

of their small width .

Scanning Electron Microscopy

The scanning electron mocroscopes used in these studies were a Cambridge

Mark lla at the Center for Materials Research , University of Maryland , and an

AMR 1400 at the Bureau of Mines , Avondale Research Center . Both instruments

are equipped with energy dispersive X-ray analyzers ( EDXA) that were utilized

in mineral identification when morphology alone was an insufficient criterion ;

for example , EDXA was performed on every particle measured for the tremolite-

serpentine-talc sample .

The practical limit of resolution of these SEM's , approximately 200 A

under the operating conditions used , was sufficient to insure that most of the

amosite , crocidolite , and tremolite particles were resolved . However ,

chrysotile fibrils have a width of approximately 250 A that approximates the

resolution limit of the SEM's . Because of poor contrast , these fibrils are

not always visible by SEM.

The length and width of particles were measured directly from the

cathode-ray tube display , using a scale based on latex spheres of 1.099 -µm

diam.
A new scale was constructed for every specimen tab because of changes

in magnification as instrument settings were varied . The SEM's were usually

operated between X 2,000 and X 15,000 ; magnification was increased to approxi-

mately X 20,000 for accurate width measurements . Widths were measured per-

pendicular to length at a point the operator judged to be representative .

Transmission Electron Microscopy

A Philips EM 100-B TEM was used for particle size analysis of the short-

fiber chryostile . Magnifications in excess of X 35,000 are easily obtained

with this instrument , and there is excellent contrast between sample and

background . Although chrysotile fibrils of 250-A diam were easily resolved

by TEM, TEM is severely limited in analyzing samples containing fibers over

75 µm in length . The standard grid opening is 200 mesh ( 0.074 mm) . Because

of the mesh interference , lengths over 75 um cannot always be measured .

Data generated from TEM analysis have the highest accuracy in terms of

number of particles . Volume-percentages were calculated from these data , but

a word of caution is necessary in applying the values . For example , more than

1,000 particles of short -fiber chrysotile were measured , but one large fiber

bundle represented 40 percent of the volume . When most particles have very
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short lengths , a sampling of 1,000 particles is insufficient to characterize

the larger size fractions that are insignificant with respect to total

particle number , but which can contribute the bulk of the sample weight .

Sample Preparation

Optical Microscopy

A dispersal medium of 5 ml of water and 1 ml of dishwashing liquid was

used to prepare the four asbestos samples for petrographic examination .

Approximately 0.5 mg of each sample was added to the dispersing medium using

a needle probe . The mixture of sample and medium was heated by partially

submerging the beaker in hot running water for several minutes , after which

the beaker was swirled by hand for 2 to 3 min to complete dispersal of the

sample . With an eyedropper , one drop of the mixture was placed on a cleaned

glass petrographic slide and covered with a cleaned glass coverslip . The

slide was positioned on the microscope stage and the particles were allowed

to settle for 10 minutes before examination .

Scanning Electron Microscopy

The following procedure was used for SEM examination of the five

materials : 4 ml of distilled water and 1 ml of dishwashing liquid were mixed

in a beaker . Then 0.5 mg of sample was added and dispersed by hand swirling

of the beaker . A diluted mixture of 0.005 mg of sample per 1.0 ml of solution

was then prepared by adding 19.0 ml of distilled water to 1.0 ml of the 0.1 mg

per ml suspension .

One milliliter of the dilute solution containing 0.005 mg of sample was

dispersed in water , and the mixture was poured down a glass rod onto a 0.1 µm

Nucleopore filter . The water was drawn through the filter with a hand vacuum

pump . After filtration , the sample was rinsed three times with distilled

water, and poured down a glass rod again using a hand vacuum pump . Loss of

fibers through the holes in the filter was found to be insignificant by TEM

examination . After rinsing , the filter was carefully removed with forceps

and placed in a petri dish to minimize curling .

When the filter was completely dry , a square of approximately 5 by 5 mm

was cut from the filter and mounted on a carbon disk with double-sided tape .

The disk was then mounted on a SEM specimen stub . A small drop of solution ,

containing 1.099-um-diam latex spheres , was placed on one corner of the

filter square , and then marked for easy reference to locate in the SEM .

latex spheres were used to calibrate for size measurements . The specimen

stub was copper-coated in an evaporator , then electrically grounded by paint ing

carbon on the filter square edges prior to SEM examination .

Transmission Electron Microscopy

The

The short -fiber chrysotile was the only sample measured on the TEM.

Three-millimeter-diameter copper grids of 200 mesh were coated with a

collodion film in the following manner : Nine or ten copper grids were placed
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on a 2- by 5- inch screen with the edges turned up about 0.5 inch . The screen

and grids were placed on the bottom of a petri dish filled with filtered

distilled water . A dilute solution of 5 -percent collodion in amyl acetate

was carefully placed with an eyedropper into the petri dish , forming a film

on the surface of the water . The petri dish was left undisturbed for 10 min

to allow the collodion film to distribute evenly . Then , lifting it by the

edges , the screen was carefully removed from the petri dish . The copper grids

on the screen were coated with the collodion as they were lifted through the

collodion film on the water . The collodion was allowed to dry for at least

1 hour before the grids were removed from the screen with forceps . Approxi-

mately 0.5 mg of short- fiber chrysotile was added to 10 ml of distilled water

in a 20-ml glass jar and stirred vigorously with a clean metal rod for several

seconds . The jar was covered with a plastic lid and placed in an ultrasonic

disperser for approximately 10 min . While working in a fume hood , the dry

collodion-coated grids were placed on petrographic slides that had been

cleaned in filtered distilled water . Several drops of the water and chrysot ile

mixture were dropped onto a labeled grid with a clean eyedropper . Because the

grids were hydrophobic , the liquid did not readily cover the grid surface .

The copper grid was held down with forceps , and the liquid was forced over it

manually with a clean steel probe until the grid remained submerged . The

grids dried undisturbed in the fume hood , or they were placed on a warm

hotplate . After evaporation of the water , an even distribution of particles

adhered to the collodion as a result of static charge . The grids coated with

sample were placed in a labeled grid storage box until TEM examination .

Results

Table 18 lists the instrumentation , measurement procedure , type of data ,

and number of particles measured for each of the five test materials . No

significant variations were noted for data from various lots of each test

material . Averaged values for length and width of the elongated particles as

a function of measurement technique are listed in table 19. Particle size

distribution data for the five test materials , as derived from OM, SEM, and

TEM, are listed in the appendix .
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TABLE 18 . -
Analytical instrumentation and measurement parameters for

NIEHS test materials

Measurement Particles

Sample

Chrysotile

COF-25 .

Instrument

OM

SEM ... do .....

TEM Area count ...

procedure
Type of data

counted

Line traverse . Volume .. 1,085

... do .... 1,058}·

Particle number

Calculated volume .. } 1,080

Chrysotile ом Line traverse .

Plastibest-20 . OM Area count ....

SEM

Volume .... 1,272

Modified area count .

{

Particle number ....

Particle number ...

Calculated volume ..

1,200

} 1,451

Amosite...... OM Line traverse . Volume .... 845....

OM Area count .... Particle number ... 842

SEM Modified area count .

{

Particle number ....

Calculated volume .. } 1,045

Crocidolite .... OM Line traverse . Volume....

OM Area count .....

SEM Modified area count .

·{

Particle number ....

Particle number ...

Calculated volume ..

1,397

1,401

} 1,050

Tremolite.... OM Modified area count .. Particle number ....

SEM ... do .....

SEM Line traverse .

... do ....

Volume .

1,204

871

1,097

TABLE 19. Mean length and width values for NIEHS test materials
-

Sample

Chrysotile COF- 25 ... (¹)

0.16

.07

Mean

length , um

Mean

width , um

11.6

Do ..... 6.8

Do ..... 2.1

Chrysotile Plastibest-20 . 101
(¹)

Do .... 44

Do ... 21 .17

22
(¹)

88
(1)

41 .53

Crocidolite .. 19·

Do ..... 44

10 .27

4.4 1.7

3.2 1.8

Amosite..

Do ....

Do .....

Do ....

Tremolite ...

Talc-serpentine2

1This was not determined .

Measurement

method

OM (volume) .

SEM (volume) .

TEM (particle number) .

OM (volume) .

OM (particle number) .

SEM (particle number) .

OM (particle number) .

OM (volume) .

SEM (particle number) .

OM (particle number) .

OM (volume) .

SEM (particle number) .

Do.

Do.

2Present in the tremolite sample .
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Discussion

Figures A-1 through A-1518 supplement the size distribution character-

istics listed in appendix tables A-1 through A- 15 . The unique fibrous charac-

teristics of the asbestos varieties of amphiboles are clearly visible in

figures A-1 through A-8 . Comparison of the SEM and TEM data for the short-

fiber chrysotile shows that the average widths of the particles measured by

TEM are considerably less than those measured by SEM. With respect to

particle numbers , this unresolved proportion could be large ; with respect to

volume , it is insignificant .

The long-fiber chrysotile , amo site , and crocidolite samples had several

fibers over 1,000 μm. Any technique used for fiber size analysis must be

capable of measuring both long and short fibers . Therefore , use of the SEM

was mandated in the characterization of all samples except the short -fiber

chrysotile , even though some unknown , but probably small , fraction of the

total number of particles may not have been resolved .

Amosite has a high percentage of fibers in the length class > 100 μm,

compared with crocidolite ; however , the average width of the crocidolite

fibers is significantly smaller than those for amosite . (See tables A-9 and

A-12 and figures A-1 through A-8 . ) A few fiber bundles were observed in both

test materials .

The blocky nonfibrous habit of the tremolite and the serpentine-talc is

shown in figures A-9 , A-10 , and A-12 , and by the data in table A-14 . A very

small percentage of fibrous-appearing tremolite particles , as in figure A-11 ,

was noted . Only 10 tremolite particles out of 615 were longer than 10 μm and

had an aspect ratio >10 : 1 .

Size characteristics of the two chrysotiles are shown in figures A-13

through A- 15 . Chrysotile COF-25 is comprised of very short fibers , with 98

percent of the fibers less than 10 um in length . In contrast , approximately

65 percent of the Plastibest -20 chrysotile fibers exceed 10 um in length, and

there are a significant number of fibers longer than 100 μm.

As stated previously , care must be exercised to distinguish between

particle-percent and weight- and/or volume-percent . In some instances , a

large number of very short particles can greatly distort the data ; conversely ,

one or two very large particles have a disproportional effect on the volume-

percent distribution data . Because most of the health-related studies have

used weight as the criterion for dosage , the researcher should be aware of

the need to correlate number of particles in any size range to weight of

sample used in any biological testing program.

It should also be emphasized that the particle distribution data listed

in tables 19 , and A-1 through A-15 and shown in figures A-1 through A-15 ,

were obtained on samples that were dispersed by various techniques to

18Photomicrographs were provided by R. Virta and J. Bergen , mineralogists ,

Avondale Research Center , Avondale , Md .
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facilitate measurement and/or viewing .
In contrast , the test materials used

in biological experiments may not be dispersed prior to utilization , so that

there may be a significant number of large bundles of fibers in the actual

test samples . Future studies should emphasize size distribution measurements

on samples , as used in biological research since size data can be biased by

the procedures used to disperse samples to facilitate measurement by various

microscopic techniques .
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APPENDIX--PARTICLE SIZE DISTRIBUTION DATA FOR THE FIVE TEST MATERIALS

TABLE A- 1 .
-

Particle length distribution of chrysotile COF-25

by volume--OM

Length interval ,

um

Particles

per intervall

Volume-percent

per interval

Cumulative

volume-percent

0- 1.99 ... 9 0.8 0.8

2- 3.99 ...

4- 5.99 ...

6- 7.99 ..

8- 9.99 ..

10-11.99 .

12-13.99 ...

77 7.1 7.9

174 16.1 24.0

169 15.6 39.6

128 11.9 51.5•

111 10.3 61.8

98 9.1 70.9

14-15.99 .. 79 7.3 78.2

16-17.99 ... 63 5.8 84.0

18-19.99 .... 39 3.6 87.6

20-23.99 ... 47 4.4 92.0

24-27.99 . 43 4.0 96.0

28-31.99 ..

32-35.99 ...

20 1.9 97.9

7 .6 98.5

36-39.99.....

>40 .....

Total ...

10 .9 99.4

6 .6 100

1,080 100 100

¹A total of 1,085 particles was counted , including 5 other than chrysotile .
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TABLE A- 5 .

Length

interval ,

um

Total

particles

Percent

of all

particles

Cumulative

percent

of all

particles

- Particle length distribution of chrysotile Plastibest- 20 by particle number--OM

Number of

chrysotile

Percent of

chrysotile

particles

Number
Cumulative

percent of

chrysotile

particles

of

others

particles

0 - 0.9 ... 1 0.1 0.1 0 0 0 1

1 1.7 ... 25 2.1 2.2 5 .5 .5 20

1.8- 3.1 ... 118 9.8 12.0 84 7.8 8.3 34

3.2- 5.5 ... 207 17.3 29.3 177 16.4 24.7 30

5.6- 9.9 ... 251 20.9 50.2 231 21.4 46.1 20

10 - 17.7... 184 15.3 65.5 174 16.1 62.2 10

17.8- 31.5 ... 142 11.8 77.3 138 12.8 75.0 4

31.6- 56.1 ... 91 7.6 84.9 88 8.2 83.2 3

56.2-99 .... 68 5.7 90.6 68 6.3 89.5 0

100 -177... 52 4.3 94.9 52 4.8 94.3

178 -315.. 44 3.7 98.6 44 4.1 98.4

316 -561 ... 13 1.1 99.7 13 1.2 99.6

562 -999 . 2 .2 99.9 2 .2 99.8

> 1,000 ...
2 .2 100 2 .2 100 0

Total .. 1,200 100 100 1,078 100 100 122

TABLE A- 6 . Particle size distribution of chrysotile Plastibest- 20 by particle number--SEM

Length interval , um

4-5.99 6-7.99

Mean width , µm.....

0-1.99

0.15

2-3.99

0.18

8-9.99

Number of particles per interval . 497 400

0.18

173

0.18 0.17

10-19.99

0.16

57 33

Percent of all particles .... 34.3 27.6 11.9 3.9 2.3

88

6.1

20-39.99

0.17

71

4.9

Cumulative percent all particles .

Chrysotile particles per interval .

34.3 61.9 73.8 77.7 80.0

443 396 172 55 33

86.1

88

91.0

70

Volume-percent chrysotile per interval¹ . 1.3 3.4 3.7 2.0 0.7 2.9 9.2

Cumulative volume-percent chrysotile .....

Number of other particles per interval ...

1.3 4.7 8.4 10.4 11.1 14.0 23.2

54 4 1 2 0 0 1

Chrysotile particles

per length interval ,

percent , by aspect ratio :

1 : 1-2.9 : 1 ...

3 : 1-4.9 : 1 .

5 : 1-9.9 : 1 .

10 : 1-19.9 : 1 .

20 : 1-49.9 : 1.

50 : 1-99.9 : 1 .

N
O
O
N
2
0

100 : 1-199 : 1 .

200 : 1-499 : 1 .

>500 : 1 .....

2

10 1

39 8 1 0 0

47 50 13 9 3 0 1

41 74 44 27 15

12 44 70 40 13

0 0 1 0 41 33

0 0 0 0 0 4 47

0 0 0 0 3

0
0
0
0
3
3

Calculated from particle number data , assuming circular cross section of diameter equal to measured width .
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TABLE A-6 . -
Particle size distribution of chrysotile Plastibest- 20 by particle number-- SEM--Continued

Length interval , um

Mean width , um....

40-59.99

0.16

60-79.99

0.16

80-99.99 100-199 200-399 400-599 >600

Number of particles per interval . 28 21

0.13

12

0.17 0.17 0.19 0.17

33 24 11 3

Percent of all particles .... 1.9 1.4 0.8 2.3 1.7 0.7 0.2

Cumulative percent all particles . 92.9 94.3 95.1 97.4 99.1 99.8 100

Chrysotile particles per interval. 28 21 12 33 24 11 3

Volume-percent chrysotile per interval 2.8 2.7 1.6 10.1 45.3 10.8 3.5

Cumulative volume- percent chrysotile .... 27.5 28.9 30.3 40.4 85.7 96.5 100

Number of other particles per interval ... 0 0 0 0 0 0

Chrysotile particles

per length interval ,

percent , by aspect ratio :

1 : 1-2.9 : 1 ...

3 : 1-4.9 : 1.

5 : 1-9.9 : 1 .

10 : 1-19.9 : 1 .

20 : 1-49.9 : 1 .

50 : 1-99.9 : 1 .

100 : 1-199 : 1 ..

200 : 1-499 : 1 ..

>500 : 1 .....

0
0
0
0
0
0

O
O
O
O
O
O

.

0

0 0 0

14 4 0 0

O
O
O
O
o
o
o
O

O
O
O
O
O

0

0

79 43 17 9

7 53 83 91 95 100 100

Total particles
=

=

total others =

1,451 ,

1,389 , and

62 .

total chrysotile

¹Calculated from particle number data , assuming circular cross section of diameter equal to measured width .

Number of

0

TABLE A- 7. - Particle length distribution of amosite by volume--OM

Length interval ,

um

0-1.9 ....

Percent of

amosite particles¹ amosite particlesamosite particles | amosite particles

Cumulative percent

0 0

2-3.9....

4-5.9....

6-7.9.....

16 2.0 2.0

26 3.3 5.3

37 4.7 10.0

8-9.9 .. 49 6.2 16.2

10-13.9 ... 33 4.2 20.4

14-17.9. 53 6.7 27.1· ·

18-21.9 ... 47 6.0 33.1·

22-25.9 ..... 15 1.9 35.0

26-29.9 ... 33 4.2 39.2

30-39.9 .... 79 10.1 49.3

40-49.9.. 54 6.9 56.2

50-59.9 ... 35 4.5 60.7

60-69.9 56 7.1 67.8..

70-79.9 .. 25 3.2 71.0

80-89.9 ... 27 3.4 74.4

90-99.9 ...... 7 1.0 75.4

100-199 ... 114 14.6 90.0

>200 .... 78 10.0 100.0

1Total particles
= 835,

total amosite
=

786 , and

total others
=

49.
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TABLE A- 8 . Particle length distribution of amosite by particle number--OM

Length

interval ,

Total

particles
um

Percent

of all

particles

Cumulative

percent

of all

Number of Percent of

amosite amosite

particles particles

particles

Cumulative

percent of

amosite

particles

Number

of

others

0- 1.9 .... 65 7.7 7.7 34 4.5 4.5 31

2- 3.9 .... 145 17.2 24.9 118 15.6 20.1 27

4- 5.9 ... 113 13.4 38.3 98 13.0 33.1 15

6- 7.9 .... 103 12.2 50.5 92 12.2 45.3 11

8- 9.9 . 61 7.2 57.7 59 7.8 53.1 2

10- 11.9 .... 9 1.1 58.8 9 1.2 54.3 0

12- 13.9 .. 45 5.3 64.1 45 6.0 60.3 0

14- 15.9 .... 40 4.8 68.9 40 5.3 65.6

16- 17.9 .... 33 3.9 72.8 33 4.4 70.0 0

18- 19.9 .... 32 3.8 76.6 32 4.2 74.2

20- 21.9 .... 13 1.5 78.1 13 1.7 75.9 0

22- 23.9 .... 2 .2 78.3 2 .3 76.2 ១

24- 25.9 ... 23 2.7 81.0 23 3.1 79.3 0

26-27.9 .... 8 1.0 82.0 8 1.1 80.4 0

28-29.9 ... 17 2.0 84.0 16 2.1 82.5 1

30- 31.9 .... 4 .5 84.5 4 .5 83.0 0

32- 33.9 ... 11 1.3 85.8 11 1.5 84.5 0

34-35.9 .... 1 .1 85.9 1 .1 84.6 0

36-37.9 .... 8 1.0 86.9 7 .9 85.5 1

38- 39.9 .... 6 .7 87.6 6 .8 86.3 0

40-41.9 ... 5 ⚫ 6 88.2 5 .7 87.0

42-43.9 .... 1 .1 88.3 1 .1 87.1

44-45.9.... 4 .5 88.8 4 .5 87.6

46-47.9 .... 0 0.0 88.8 0 0.0 87.6

48-49.9... 10 1.2 90.0 10 1.3 88.9

50- 59.9 .... 23 2.7 92.7 23 3.1 92.0

60-69.9 .... 16 1.9 94.6 16 2.1 94.1

70- 79.9 .... 6 .7 95.3 6 .8 94.9

80-89.9 .... 11 1.3 96.6 11 ' 1.5 96.4

90-99.9 ... 2 .2 96.8 2 .3 96.7

100-199 ... 20 2.5 99.3 20 2.7 99.4

200 ... 5 .7 100 5 .6 100 0

Total ... 842 100 100 754 100 100 88

TABLE A- 9 . Particle size distribution of amosite by particle number--SEM

0-1.99

Amosite mean width , um.. 0.28

2-3.99

0.38

Length interval , um

4-5.99 6-7.99 8-9.99 10-19.99 20-39.99

Amosite particles per interval ... 57 126

0.45

88

0.45 0.48 0.52 0.51

78 52 181 184

Percent of total amosite particles .. 5.6 12.3 8.6 7.6 5.1 17.7 18.0

Cumulative percent amosite . 5.6 17.9 26.5 34.1 39.2 56.9 74.9

Volume-percent amositel 0.1 0.3 0.4 0.4 2.4 5.0

Cumulative volume-percent amosite . 0.1 0.4 0.8 1.2 3.6 8.6

Number of other particles . 11 8 1 0 1 1 0

Amosite particles

per length interval ,

percent , by aspect ratio :

1 : 1-2.9 : 1 . 12 0

3: 1-4.9 : 1 . 34 10

5 : 1-9.9 : 1 . 43 52

10 : 1-19.9 : 1 . 11 34 52

20 : 1-49.9 : 1 . 18

0
6
3
2
0

0

5

14

38 40

41 54

O
N
J
O
S

0

2 0

O
o0

0

4 1 1

21 1

64 30

50 : 1-99.9 : 1 . 1 2 0 12 55

100 : 1-199 : 1 0 0 0 2 12

200 : 1-499 : 1 0 0 0 1

>500 : 1 ... 0 0 0 0 0

Calculated from particle number data , assuming rectangular cross section with third dimension equal

to 1/2 measured width .
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TABLE A-9 . -
Particle size distribution of amosite by particle number--SEM--Continued

Length interval , um

40-59.99 60-79.99 80-99.99

Amosite mean width , um.... 0.60 0.61 0.61

100-199

0.82

200-399 400-599 >600

0.93 1.33 1.12

Amosite particles per interval . 81 47 29 64 23 4 8

Percent of total amosite particles ..

Cumulative percent amosite .

7.9 4.6 2.8 6.3 2.3 0.4 0.8

82.8 87.4 90.2 96.5 98.8 99.2 100

Volume-percent amosite¹ . 4.5 4.3 2.9 20.2 21.3 12.1 26.1

Cumulative volume-percent amosite .. 13.1 17.4 20.3 40.5 61.8 73.9 100

Number of other particles ... 0 0 0 0 0 0

Amosite particles

per length interval ,

percent , by aspect ratio :

1 : 1-2.9 : 1 ..

3 : 1-4.9 : 1 .

5 : 1-9.9 : 1 .

10 : 1-19.9 : 1

20 : 1-49.9 : 1

50 : 1-99.9 : 1 .

100 : 1-199 : 1 .

200 : 1-499 : 1 .

>500 : 1 ...

Total particles

total amosite =

total others =

=
1,045 ,

1,023 , and

22 .

10

46

43

1

O
O
N
O
O
M
5
2

0
0
0
0

0 0

0 0

0

28 14 6

57 55 42

13 31 50

O
O
O
O
O
O

0
0
0
0
0
0
0
1

0

25

0

0

O
O
O
O
O
O

31 0

48 75 25

0 0 0 2 21 0 75

¹Calculated from particle number data , assuming rectangular cross section with third dimension equal to

1/2 measured width .

TABLE A- 10 . Particle length distribution of crocidolite by particle number--OM

Length

interval ,

μπ

Total

particles

Percent

of all

particles

Cumulative

percent

of all

Number of

crocidolite

Percent of

crocidolite

Cumulative

percent of

crocidolite

Number

particles particles

of

others
particles particles

0 - 0.9 .. 0 0 0 0 0 0 0

1 - 1.7 .... 5 .4 .4 3 .2 .2

1.8- 3.1 .... 74 5.3 5.7 67 4.9 5.1

3.2- 5.5 ... 287 20.5 26.2 274 20.1 25.2 13

5.6- 9.9 .... 398 28.4 54.6 389 28.5 53.7

10 17.7 ... 294 21.0 75.6 292 21.4 75.1

17.8- 31.5 .. 186 13.2 88.8 186 13.6 88.7

6
2
7
3
2
2
0
0

9

31.6- 56.1 ... 77 5.5 94.4 75 5.5 94.2 2

56.2- 99 . 57 4.0 98.3 57 4.2 98.4 0

100 -177 .. 15 1.1 99.4 15 1.0 99.4 0

178 -315..

316 -562 .

4 .3 99.7 4 .3 99.7 0

4 .3 100 4 3 100 0

Total . 1,401 100 100 1,366 100 100 35
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TABLE A- 11.
-

Length

interval ,
Total

particles
um

Percent

of all

particles

Cumulative

percent

of all

Number of

crocidolite

particles
particles

0

1

- 0.9 ..... 1 0.1 0.1

Particle length distribution of crocidolite by volume --OM

Cumulative

percent of

crocidolite

particles

0.1

Percent of

crocidolite

Number

particles

of

others

1 0.1 0

1.7 . 2 .1 .2 2 .1 .2 0

1.8- 3.1 . 28 2.0 2.2 25 1.8 2.0

3.2- 5.5 ..... 103 7.4 9.6 100 7.2 9.2

5.6- 9.9 . 215 15.4 25.0 213 15.4 24.6

3
3
2

10 - 17.7 . 295 21.1 46.1 291 21.1 45.7 4

17.8- 31.5 . 269 19.3 65.4 267 19.3 65.0 2

31.6- 56.1 . 217 15.5 80.9 216 15.6 80.6 1

56.2-

100

178

316

562

99 . 140 10.0 90.9 140 10.1 90.7

- 177 . 81 5.8 96.7 81 5.9 96.6 0

315 . 25 1.8 98.5 25 1.8 98.4 0

- 561 . 16 1.1 99.6 16 1.2 99.6 0

-1,000 ...

Total .

5 .4 100 5 .4 100 0

1,397 100 100 1,382 100 100 15

TABLE A-12 . -
Particle size distribution of crocidolite by particle number --SEM

Length interval , um

1-1.99 2-2.99 3-3.99 4-4.99 5-5.990-0.99 6-6.99

Crocidolite mean width, um.. 0.25 0.23 0.22 0.26 0.28 0.28 0.26

7-7.99

0.27

Crocidolite particles per interval .. 33 130 175 117 86 88 47 51

Percent of total crocidolite particles ... 3.2 12.5 16.8 11.3 8.3 8.5 4.5 4.9

Cumulative percent crocidolite .. 3.2 15.7 32.5 43.8 52.1 60.6 65.1 70.0

Volume-percent crocidolite¹ . 0.1 0.7 1.3 1.7 2.0 1.6 1.1 1.7

Cumulative volume-percent crocidolite ... 0.1 0.8 2.1 3.8 5.8 7.4 8.5 10.2

Number of other particles ...
4 3 2 1 0 0

Crocidolite particles

per length interval ,

percent , by aspect ratio :

1 : 1-2.9 : 1 .

3 : 1-4.9 : 1 .

5 : 1-9.9 : 1 .

2
4
2

10 : 1-19 : 9 : 1 .

20 :1-49.9 : 1 .

0
2
2
5
2

50 : 1-99.9 : 1 .

100 : 1-199 : 1 .

200 : 1-499 : 1 ....

¹Calculated from particle number data , assuming a rectangular cross section with third dimension equal to 1/3

12 2

64 15 0

60 21 2

23 57 64 51 36 20

0 15 15 46 58 74 92

0 1 0 4 2

0 0 0 0

0 0 0 0 0 0 0 0

H
O
N
O

0

0
0
3
0
0
3

O
O
O
O
O
O
O
O

measured width .
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TABLE A- 12. Particle size distribution of crocidolite by particle number--SEM--Continued

Crocidolite mean width , um ...

8-8.99

0.31

9-9.99 10-19.99

Length interval , um

20-39.99 40-59.99 60-79.99 80-99.99 >100

0.29 0.28 0.35 0.40 0.33 0.44 0.64

Crocidolite particles per interval ... 29 39 125 72 25 12 1 10

Percent of total crocidolite particles.. 2.8 3.8 12.0 6.8 2.4 1.1 0.1 1.0

Cumulative percent crocidolite . 72.8 76.6 88.6 95.4 97.8 98.9 99.0 100

Volume-percent crocidolite¹ . 1.6 1.8 7.4 18.9 12.4 7.3 1.0 39.4

Cumulative volume-percent crocidolite ... 11.8 13.6 21.0 39.9 52.3 59.6 60.6 100

Number of other particles ... 0 0 0 0 0 0 0 0

Crocidolite particles

per length interval ,

percent , by aspect ratio :

1 : 1-2.9 : 1.

3 : 1-4.9 : 1 .

5 : 1-9.9 : 1

10 : 1-19.9 : 1 .

20 : 1-49.9 : 1 .

50 : 1-99.9 : 1 .

100 : 1-199 : 1 .

200 :1-499 : 1 .

Total particles

O
O
N
G 7 0

0 3

83 89 48

10 8 45

0 0

P
O
O
H
O
L
B

0

0

0

1
O
O
O
H
5

0

1

53 16 16

6 39 64 42

0 0 0 2 20 42

O
O
O
O
O
O

0
0
0
0
0
6
2
2

O
O
O
O
O
O
2

O
O
O
O
O
O0

0

0 50

100

=

total crocidolite =

total others =

1,050 ,

1,040 , and

10 .

¹Calculated from particle number data , assuming a rectangular cross section with third dimension equal to 1/3 measured

width .

50

TABLE A- 13 . -
Distribution by length interval for tremolite ,

serpentine-talc , and other minerals--OM

Length

interval ,

um

Tremolite particles

per interval ,

percent

Serpentine-talc

particles per

interval , percent

Other mineral

particles per

interval , percent

Total number

of particles

per interval

3- 4.99 .... 62 35

5- 9.99.... 70 26

3

4

438

435

10-14.99 ... 81 16 3 165

15-19.99 ... 79 17 4 69

20-29.99 .... 73 13 14 64

30-39.99 .... 76 18 6 17

40-59.99... 80 10 10 10

60-79.99 ... 75 25 0 4

>80..... 100 0 0 1
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TABLE A- 15.
—
Particle length distribution of tremolite , serpentine- talc ,

and other minerals by volume--SEM

Length interval , um

0-0.49 0.5-0.99 1-2.99 3-4.9

Volume-percent sample per interval ...

Cumulative volume-percent sample ...

Volume-percent tremolite per interval ..

Cumulative volume-percent tremolite ....

Volume-percent serpentine-talc per interval ..

Cumulative volume-percent serpentine-talc ..

Volume-percent other mineral per interval ....

Cumulative volume-percent other mineral ......

1.8 8.6 32.2 20.8

1.8 10.4 42.6 63.4

.. 1.0 6.8 29.4 21.4

1.0 7.8 37.2 58.6

3.5 14.2 41.5 17.9

3.5 17.7 59.2 77.1

6.5 12.9 25.8 29.0

6.5 19.4 45.2 74.2

5-9.9 10-14.9 15-19.9 >20

Volume-percent sample per interval ...

Cumulative volume-percent sample....

Volume-percent tremolite per interval .

Cumulative volume-percent tremolite .....

Volume-percent serpentine-talc per interval ..

Cumulative volume-percent serpentine -talc ....

Volume-percent other mineral per interval ....

Cumulative volume-percent other mineral .....

19.8 8.0 4.4 4.4

83.2 91.2 95.6 100

21.4... 9.4 5.5 5.1

80.0 89.4 94.9 100

15.3 4.2 1.1 2.3

92.4 96.6 97.7 100

19.3 3.3 3.2 0

93.5 96.8 100 100

30μm

FIGURE A- 1 . Light optical photomicrograph

of amosite fibers .

Chemical and Physical Characterization of Amosite, Chrysotile, Crocidolite, and Nonfibrous Tremolite for Oral Inge…
ACL Doc 25244 · Page 64 of 77

Published by AsbestosClaims.Law

asbestosclaims.law/library/25244/64

https://asbestosclaims.law/library/25244/64


56

7pm

FIGURE A-2 . - SEM photomicrograph of amosite fibers .

3μm

FIGURE A- 3. - SEM photomicrograph of amosite fiber

bundle .
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2 μm

FIGURE A- 4 - TEM photomicrograph of amosite

fibers .

30 μm

FIGURE A-5 . - Light optical photomicrograph

of crocidolite fibers .

5
7
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2μm

FIGURE A- 6. - SEM photomicrograph of crocidolite

fibers .

10μm

FIGURE A-7 . - SEM photomicrograph of crocidolite

fiber bundle .
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1 μm

FIGURE A- 8 . - TEM photomicrograph of

croci dolite fibers .

6

7

3

20μm

FIGURE A-9. Light optical photomicrograph

of tremolite -serpentine- talc

particles .
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20unt

1

-
FIGURE A- 10 . SEM photomicrograph of

tremolite-serpentine-

talc particles .

2μm

-
FIGURE A- 11 . SEM photomicrograph of

elongated tremolite

particles .
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4 μm

-
FIGURE A- 12 . TEM photomicrograph of

tremolite -serpentine-

talc particles .

A

0.5 μm
1 μm. B

FIGURE A- 13. - TEM photomicrographs of chrysotile COF-25 at two magnifications .
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6μm

FIGURE A- 14.
-
SEM photomicrograph of chrysotile

Plastibest- 20 .
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B

1 μm

A

0.3μm

FIGURE A- 15 . - TEM photomicrographs of

chrysotile Plastibest-

20 at two magnifica-

tions .
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