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ABSTRACT
This report reviews sampling and analytical methods which may be used to
identify and quantify fibrous particulates in ehvironmental samples and
describes in detail the electron micrcscopic methcds usea by the National
Institute for Occupational Safety and Health (NIOCSH). Electron photo-

micrographs of many fibrous minerals are included,
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TNTRODUCTION
Concern for potential health hazards associated with occupational exposures
to fibrous‘particulates has spurred much research in this area. 1In addition to
laboratory toxicity studies, the Naticnal Institute for Occupational Safety
and Health (NIOSH) haé underway numerous epidemiological studies of occupa~
tional cchorts with exposure to fibrous particulates., A large part of these

efforts involve studies to fully characterize occupational exposures.

This characterization of exposure and the identification of microscopic fibrous
particulates has become an important priority in recent years due to their pre-

sence in the environment and their association with pathogenesis.

Many fibious particulates are minerals which occur in a fibrous (e.g., acicular,
spiny, needle, tabular, etc.) geological state. Some of these minerals are
selectively mined whereas the majoritj are contaminants found in commercial
products. Appendix A lists some minerals which are commonly found in a fibrous

state.

With the aid of a transmission electron microscope capable of selected area

/
electron diffraction and energy- dispersive X-ray analysis, it is possible to
identify the various types of fibrous minerals. This identification depends
upon the production of accurate microchemical data, fiber morphology and
structural characteristics, and intérpretation of selected area electron
diffraction patterns. A transmission electron microscope f;tted with these
analytical accessories is ﬁore versatile than other combinations of electron,
optical, and X-ray analytical egquipment. It can display the microchemical

X~ray spectra obtained from the particulate and simultaneously obtain crystal

structure data with selected areaﬂelectron diffraction.



For studies to assess the potential adverse health effect of these particulates,
an analytical design has been developed that will definitively identify fibrous
particulates and allow concentration determinations in environmental samples.
Particular attention is given to differentiating asbestiform and non-asbestiform

minerals.,

Although a variety of analytical methods have been proposed and used to identify
anéd guantify fibrous minerals, each has limitations. Available analytical
methods are presented and discussed in this paper along with a detailed de-

scription of a method now being used within NIOSH.



REVIEW OF ANALYTICAL TECHNIQUES FOR FIBERS

Many analytical technigues have been proposed to identify and quantify

fibrous minerals. These techniques include optical and electron microscopy,

microchemical analysis, X-ray diffraction, and differential thermal analysis.

All these have instrumental limitations which depend upon the guantity of

material present, morphclogy, orientation, and chemical compecsition of the

sample:

Hence, identifying and quantifying any fibrous particulate in air,

water, or tissue are difficult for a variety of reasons:

1)

2)

3)

4)

5)

6)

Asbgstos and othex fibrous minerais are generally present iﬁ low

EEEE quantities even though fiber number concentrations may be high.
Many analytical techniques éannot differentiate between fibrous

and nonfibrous mineralogical polymorphs.

Many fibrous minerals present in both water and air samples generally
have physical dimensions below the resolution limits of_optical
microscopy.

In some instances, environmental conditions to which the fibers have
been subjected and/or the different elemental compositions of geologic
formations may alter elemental composition ratios, making pqsitive
identification by chemical techniques impractical.

Identification by morphology is extremely difficult and impractical
for many asbestos and nonasbestos fibrous minerals,

The analytical metﬁodology of selected area electron diffraction (SAED)
offers some identification capabilities, but only under ideal c¢onditions.
Difficulties in identification are often due to the improper
orientation of fibers, lack of appropriate ﬁineral standards, and

dissemination of other elements within the fibers.



In addition to the identification and guantification of fibrous minerals in
air, water, and tissue, other factors such as particle size and morpholegy
should also be determined. The following paragraphs déscribe analytical.

methods which have beén used to quantify fibrous minerals in environmental,
tissue, and bulk samples. Although most of this discussion ceﬁters on Fhe
asbestos minerals, similar arguments apply to each of the fibrous minerals

listed in Appendix A.

OPTICAL MICROSCOPIC METHCDS

Several‘optical micrbscqpic technigques have been used tc identify and

quantify asbestos fibers. 1In the United States, an optical microscopic
technique for quantitative determinations of asbestos fibers in air is used

to determine compliance with the occupﬁtional exposure standards.(l) The method
consist% of collectiné breathing zone sampies over l5-minute to 4-hour periods
on membrane filters (Millipore AA). Samples are analyzed by first dissclving
the membrane filter to make it optically transparent and then counting the fibers
at 400-450X magnification by phase contrast coptical microscopy. Asbestos fibers
are defined as those particulates with lengths greater than 5 micrometers (um)
‘and a length-to-diameter ratio of 3-to-l or greater. This technique is not
specific for asbestos fibers or any other fiber type. In addition it cannot

detect fibers less than approximately‘Q.Z um in diameter.

Petrographic microscopic technigques may be used to identify fibers greater than
approximately 0.2 to 0.3 um in diameter.r Various optical crystallographic

measuréments such as refractive index, extinction angles, and sign of elongation
may be measured with the polarizing microscope, and compared with data réported

for standard asbestos reference samples. Typical optical data for selected

asbestos minerals are shown in Table 1. (2)
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Dispersion staining used with plane polarized light may alsc be used to
differeﬁtiate between asbestos and other fibers, (2:3) with fhis technique, the
fibers are immersed in a mounting liguid with a similar refractive index but
a steeper dispersion curve than that of the fibers. A central or annular
stop is used in the back focal plane of the objective lens to allow for
appropriate dispersion colors. When plane polarized light is used, asbestos
fibers show two characteristic dispersion staining colors, one for the light
vibration parallel to the fiber length and another perpendicular to the fiber
length. The dispersion colors depend on the refractive index of the medium
in which the fibers are mounted, as shown in Table 2. Dispersion staining
colors may change slightly depending on the geographic area from which

the asbestos is mined. Fibers iess than ¢.5 ym in diameter may not be

identified by this technique due to difficulties in distinguishing cclors.

DIFFERENTIAL THERMAL ANALYSIS
Differential thermal analysis has been used to a limited extent in'determining

(4) Chrysotile (serpentine minerals)

asbestos fiber levels in talc samples.
shows a dehydroxylation endotherm at approximately 650°C and an exotherm at
approximately 820°C associated with the formation of forsterite. These peaks
méy be used for quantitative analysis. When a 140-mg sample holder with an
exposed loop differential thermocouple and a 10°C/minute heating rate is used,
a 1% level of chrysotile can be detected in pharmaceutical grade talc.(4)

With this method, a dynamic helium atmosphere is maintained to expel gaseous

mineral decomposition products and to prevent oxidation.



Table 2

DISPERSION STAINING COLORS FCR A
USING A CENTRAL STOP AND
PLANE POLARIZED LIGHT

SBESTOS

Asbestos Type Refractive Index Dispersion Staining Colors
Liguid Parallel - Perpendicular
Chr‘ysotile 1.560 light blue magenta
Anthophyllite l.6l0 blus-green golden yellow
Amosite 1.670 red magenta golden yellow
Crocidclite 1.700 magenta blue m’agenta




Differential thermal analysis has not been used for environmental samples
because the lower limits of mass detection are extremely pocr. In addition,
differential thermal analysis is not capable of differentiating between

fibrous and nonfibrous mineralogical polymorphs.

X-RAY DIFFRACTION

X-ray powder diffractometry is a standard mineralogiﬁal technique used in

the analysis of solid crystalline phases. It is also widely used to identify
and quantify asbestos fibers in bulk materials such as talc(3/8) and other
industrial materials,(7:8/9) and to study amphibole asbestos contamination of'

water.(lO)

X-ray diffraction is generally considered more sensitive for asbestos thaﬁ
"light microscopy but less sensitive than some analytical methods using electron -
microscopy.(lo) Diffraction lines and relative intensities for each of the asbestcs
minerals, as well as other fibrous minerals, have been published and catalogued
in the ASTM Powder Diffractiﬁn File. Variations in fiber chemical composition,
especially for the amphiboles, may result in slight peak shifts from reported
X-ray diffraction data.

y
Quantitativé determinations of asbestos and nonasbestos fiber levels in bulk
samples reqﬁires that average particle size be 0.1 to 10 um. A number of
techniques have been used to minimize preferred orientation including binder
and slurry mounting methods and backloading of dry powders. Rohl and Langer
have developed a method for reducing preferred orientation by filtering an
aqueous slurry through Millipore filters using a filtration adapter attached
to a hypodeimic,Syringe.(s) Cther investigators have used the backloading

technique with multiple X-ray diffraction scans.



Using conventional X-ray diffraction scag rates (0;5 to 1 degree 2 theta
per minute), the lower limits of detection for the asbestos minerals are
approximately 5 percent.(7r8) Automated step scanning procedures, by which
diagnostic reflecticns are slowly scanned and integrated counts recorded,
have been reported to significantly increase detectable limits. Using the
automated step scanning procedure, the gensitivity for asbestos in talc

has been increased to detect as low as 0.l percent asbestos when using ex-
ternal dilution standards for calibration.(6) Similar lower detectable

levels have been reported by other investigators.(s)

X-ray diffraction has limited application for routine analysis of environmental
samples for asbestos fibers. Birks et al.(ll) studied the quantitative analysis
of airborne asbestos by X-ray diffraction. They used a specially-designed
diffraction apparatus housing two X-ray detectors. Their technique involved
alignment of the asbestos fibers in an electrostatic field to enhance diffraction
intensity. A lower detection limit of 0.4 to 0.5 micrograms for chrysotile

was reported. However, this technique has not been applied tc actual en-
vironmental samples. NIOSH is presently evaluating this technique with
chrysotile collected on silver membrane filters. Preliminary results suggest

a lower limit of detection of 15 micrograms.

Amphibole and cummingtonite-grunerite mass concentrations in water samples
have been semiguantitatively determined using X-ray diffraction with step
scanning.(lo) This technique requires filtering the water through 0.45 micro-
meter Millipore filters followed by step scanning a major amphibole dif-
fraction peak (110) and a peak specific to cummingtonite-grunerite ({(310).

The integrated peak count above background is recorded with mass concentrations

determined using external dilution standards.



The proper selection of diagnostic reflections to maximize detection sen-
sitivity and minimize interference due to other mineral phases is necessary
for the best use of X-ray diffraction. It must alsc be recognized that
X-ray diffraction methods, like differential thermal analysis, cannot dis-

- tinguish between fibrous and nonfibrous mineralogical polymorphs.

ELECTRON MICROSCOPRY

Both transmission and scanning electron microscopy have been used to identify
and quantify particulates. Data from morphological observation, analytical
data from selected area slectron diffraction, and microchemical analytical

technigques may be used to identify particulates.

Selected Area Electron Diffraction

Since all crystalline materials scatter electrons in regular patterns relative
to their crystal structure, a transmission electron microscope (TEM) with
selected area electron diffraction (SAED) may be used to form a diffraction
image on the electron microscope viewing screen. The diffraction image of the
scattered electrons can be predicted by Bragg's Law. Observation of single
fiber (single crystal) electron diffraction patterns may be used to dif-
ferentiate chrysotile fibers from amphibole fibers, (12/13) 7qne saED pattern
for any chrysotile fiber tends to be analogous to a rotating or oscillating
crystal X-ray diffraction pattern in which the long dimension of the fiber
tends to lie nearly parallel to the supporting membrane and therefore per-
pendicular to the incident beam. Chrysotile fibers usually preoduce streaked
diffraction patterns (due to lattice defects) with the streaks or layer lines
perpendicular to the fiber length. The spac¢ing between the layer lines denotes

the fiber "a" axis of approximately 5.3 angstroms.(lol The reflections along

10
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the layer lines are usually very streaked and Debye-Scherrer rings may be
observed when clumps of randeomly oriented fibers are presented. Progressive
electron-beam bombardment may, heowever, alter the diffraction pattern due to

fiber damage.(lO)

Chrysotile fibers can appear as bundies of fibrils.or round single fibrils.
Often, the fibrils can be ﬁistinguished by their tubular appearance. This
tubular appearance is characteristic of chrysotile, but is not always dis-
cernible due to beam damége(lz) or the attachment of amoréhous material, (14)

Chrysotile and cther fibrous minerals, such as halloysite, have hollow centers,

The amphibole minerals are generally straightér in physical appearance than
chrysotilg fibers. Observation of amphiboles using transmission electron
microscopy often reveals light and dark banding (diffraction‘images) which
may c¢ross the fiber at right angles.(lz) Since the selected area electron
diffraction patterns for all the amphibole asbestos minerals are similar,
observation of these patterns may only identify the fiber as being a fibrous
amphibole. (10,12) amphibole electron diffraction patterns show layers and

sometimes streaks perpendicular to the fiber length with the spacing between

M

the layer lines or streaks representiﬁg the fiber ¢" axis of approximately
5.3 angstroms. There is less streaking along the layer lines, in contrast

to chrysotile, with the spot repeat along the lines representing one of the
two remaining lattice spacings ("b" or "a"), depending on fiber orientation

relative to the electron beam.

In addition to observation of electron diffraction patterns for fiber identifi-

cation, photomicrographs can be made of the diffraction patterns and crystal "d"

11



sPaCingérmeasured from the plate and calculated, using the instrument

camera constant. (13} Both “spot" and polycrystalline patterns may be
measured; however, these intensities may ﬁot be the same as those ob-

served for X-ray powder patterns. Additional reflections may be p;esent,
and measurements of "d" spacingé are less‘accurate when electron diffraction

is used than when X-ray diffraction is used.

Microchemicgl {(Microprobe) Technigues

Electron beam microchemical analysis may sometimes be used to‘distinguish
asbestos fibers from other fibrous particles.(l5'16'17rla) The most

common system in use is thé energy dispersive X-ray detector in combination
withleither a scanning or transmission electron microscope. Wavelength X-ray
analyzers and the convenfional electron ﬁicroprobe have been used; however,
their routine application is limited due to longér data acquisition times, (18)
Data acquisition Fimes with ehergy dispersive analyzers, however, are far
less, ranging‘from 20 to 80 secbnds per analysis depending on fiber density,

size, and desired statistical confidence.

Semiquantitative microqhemical analysis with the electron microscope is per-
formed with a beam of>ﬁigh energy electrons incident upon a fiber which
generates X-rays charactefistic ofithe eléments in that fiber. These X~rays
are deﬁected by a lithium-drifted éilicon crystal detector placea in the

electron microscope column close to the specimen.

The energy of the X-ray photon is converted to a voltage pulse which is
amplified, digitized, stored in a multichannel analyze; or a minicompﬁter,
 and can be'displayed on a cathode ray tube. Using the energy dispersive
detector, all elements with atoﬁic numbers of sodium ({Z=11l) or higher may be
apalyzed.

12



Each of the asbestos minerals has a characteristic x-ray‘spectrum,_which,
when combined with fiber merpholeogy, allows. for its identification.(15'16’19)
Observation of the semiquantitative fiber X-ray spectrum is usually suf-
ficient for asbestos fiber identification; however, three component dia-
grams have been used after subtracting the continuous background from the
semiquantitative X-ray spectrum.(ls) For asbestos fiber analysis, matrix
corrections are rarely used. Typically iron, magnesium, and silicon are
plotted on the three component diagram and compositional boundaries for the
asbestos minerals established. Unfortunately, this technique suffers from
the inability to use all compositional data obtained, such as the presence

or. absence of sodium, calcium, aluminum, and manganese which aid in the

identification. (12}

With eﬁergy dispersive X-ray techniques, the comparison of only elemental
intensities may not be sufficient for positive identification between asbestos
and nonasbestos fibrous{minerals which show similar elemental intensities. (14)
For example, chrysotile, anthophyllite, and fibrous talc, all of which have
similar elemental compositichs, may be difficulﬁ to differentiate.(lsVlg)

However, these materials may easily be distinguished when elemental data is

supplemented with selected area electron diffraction. .

COMPARISON OF TRANSMISSION AND SCANNING ELECTRCN MICROSCOPY,

Both transmission and scanning electron microscopy offer certain advantages.
Scanning electron microscopy, using either secondary or backscattered electron
images, offers better obéervation of surface topography whereas. transmission
electron microscopy offers far superior image resolution. Fiber identificaticn
by scanning electron microscopy is limited since electron diffraction studies

are not possible. Scanning electron microscopy combined with microchemical

.

13



analysis is sufficient for fiber identification only when the mineralogy

of the fiber source is wel] known.(l4)

A new application. of scanning trans-
mission electron microscopy (STEM) is now being used on a limited scale.
Electron diffraction studies may be possible with some of these instruments;

however, diffraction pétterns are much more difficult to achieve than con-

ventional SAED patterns.

A transmission electron microscope is now available which is equipped with

an energy dispersive X-ray detector, allowing simultaneous observation of
morphology, crystal structure, and elemental coﬁposition. This methoa has

been used to study asbestos fibers in environmental and material samples.(lo'lg)
This combination of analytical instrumentation greatly increases the prob-
ability of definitive particle or fiber identification. Many researchersv_
regard this combination as the '"state-of-the-art" with regar@ to particulate

and fiber studies.

SAMPLE PREPARATION FOR ELECTRON MICROéCOPY

Particulate concentrations in environmental and tissue samples have been
analyzed using a variety of electron microscopy sample preparation techniques.,
Environmental sémples (air and water) are generally colleéted on cellulose
ester (Millipore, Gelman, etc.) or'polycarbonate (Nuclépore) filters by

concentrating the sample by filtration, centrifuging, etc.(10'20)

For SEM, Nuclepore filters are most ‘often used due to their smooth surface
which may be directly coated with an appropriate metal (gold, platinum, etc.)
and analyzed. Millipore filters tend to have a rough surface texture and are
not generally suitable for direct coating for SEM. Also, small fibers or

particles below the filter surface may escape detection.(2o)

14



For TEM, £he7filter substr;te must be removed and the particles mounted on
suitable electron microscope grids. A wide variety of mounting technigues
have been used. The two most commonly used methods are the Jaffe wWick(21,22)
and the condensation washing(23) techniques. These techniques offer #implicity
and maintain most of the original particle size distribution on the sample.
Héwever, some investigators have reported particle losses up to 60% with
Millipore filters when using the condensation washing method with rapid filter
dissolutién, Lo;sésrwith the Jaffe Wick method have been reported to be con-
siderable less (<10%).(2%) particle loss decreases in the condensation
washing method when much slower filter dissolution is used. A modification

of the Jaffe Wick method has beeﬁ reported to reduce particle loss. (23)  The
filter is cocated with silicon monoxide or carbon by vacuum evaporation prior
to dissclving the Millipore filter, Likewise, several investigators have

reported minimal particle leoss with Nuclepore filters when the filter is

coated with carbon prior to dissolving the filter substrate, (10/17)

In addition to the "direct clearing/mouﬁting” techniques mentioned above, a
variety of other technigques have alsc been used for preparing environmental
samples. Selikoff et al.(268) nave used a "rub-out" technique, in which the
Millipore filter is ashed in a low temperature asher to remove organic or
carbonaceous material. The'residue is then dispersed on a microscope slide
using a solution of 1% nitrocellulose in amyl acetate, After grinding with

the surface of a watch glass to liberate individual fibers, the sample is dis-
persed evenly between two microscope slides forming a thin £ilm which is trans-
fer;ed to standard electron microscope grids. With this technique particle

losses averaging 50% and increases in the number of fibers were reported.

15



For examining asbestos‘fibers in biologicél tissue samples, a variety of
preparation technigues may be empléyed;(26'27'28'29'30'31) Pooley(27) has

used a direct transfer method for formalin-fixed tiséue. With this method,
diced tissue is first dissolved in a 40% solution of potassium hydroxide, and
a drop of the digested lung residue is then traﬁsferred directly to electron
micreoscope grids prepared with an appropriate support £ilm. Pooley(27> has
also developed a techniqﬁe for preparing standard histological sections in
paraffin., With this technique, a section is deposited on a glass microscope
slide and washed with xyléne and alcohél to remove the paraffin. Thelsections
are then ashed in a'muffle furnace at 4500 to 500°C for approximately 15 minutes.
The tissue ash pius any associated minerals are then removed from the glass |
slidé by a replication process using polyvinyl alcochol. After carbon coating,
the piastic film is removed by a warm distilled water bath énd transferred to

an appropriate electron microscope grid.

langer et al. (26) nave reﬁorted a gualitative method for preparing tissue samples
for electron microscopy. The tissue is dissolved in a 40% solution of

potassium hydroxide and separated in a centrifuge. The residué is then dis-
persed in distilled water and pipetted onto'formvar-coated 200 mesh electron
microscope grids. Similar techniques have been used by Pontefract and

Cummingham.(323

Bouffant (31) has also reported a quantitative.method for determining asbestos
fiber conéentrations in biological materials. This techniqué first incinerates
the biological material in activated oxygen at 150°C and then attacys the ash
with 1N HCl for .18 hours. The residue is filtered through a membrane filter
which has previocusly been coated with a carbon film, The membrane is then

dissclved, depositing the fibers on the electron microscope grid substrate.

16



Asbestos fiber levels in envirconmental samples and biological tissue are
usually expressed as asbestos fibers per unit volume of sample (fibers/m3,
fibers/liter, fibers/cc, fibers/gm dry lung, etc.}. These concentratiﬁns
are determined by counting fibers within calibrated areas on the electron
microscope viewing screen or by counting fibers from photomicrographs.
Asbestos fiber concentrations in water samples determined by laboratories
using the same mounting techniques have been reported to vary by a Tabtor
of 2 to 3.(10) Much larger variatiéns have been reported between lagora—
tories using different techniques.

l
Asbestos (chrysotile) mass concentratiéns in envi;onmental samples have
also been determined using electron microscopy. This is accomplished by
measﬁring.the length and diameter (volumes of each fibér and calculating
mass using the appropriate density.(ze) The accuracy of this technigque has

not been studied in detail.

17



METHODS FOR FIBER SAMPLING AND ANALYSIS
FOR ELECTRON MICROSCOPIC STUDIES CURRENTLY
USED FOR NIOCSH FIELD STUDIES
SAMPLE COLLECTION
Within any environmental parameter {(i.e., ambient, industrial, water, etec.).
the collection of a sultable sample which most closely characterizes an
envircnment is of utmost importance. This sample must retain the contaminant

without'changing its physical or chemical characteristics, Sample collection

is as important as sample preparation and analysis.

As previously‘discussed, there are basically two sampling filters which have
been used in the collection of particulates, the Millipore (cellulose ester)
and the Nuclepore (polycarbonate). Each of these filters is available in a
varieﬁy of pore éiées‘and filter diameters which make them applicable to the
collection of almost any éarticulate. The surface properties differ between,
the two filters due to their composition. The Millipore surface consists of
a matted network of cellulose éster, creating a circuitous air path through
the filter. The collection efficiency is extremely good due to the surface
topography and the tendency for particles to be collected by impact and inter-
ception. Unlike the Millipere, the Nuclepecre has ; smooth collection surface,
making it advantageous for electron microscopical evaluation since the col-
lecte§ particulates all lie in one plane. Unfortunately, as the particulate
lcad increases on the filter surface, the p?essure drop increases proportion-
ately. This makes it difficult, duriné field collection, to cbtain a sample

of sufficient size for electron microscopy. In addition, redistribution



and particle loss from the surface of the Nuclepore often occurs during
handling cof the filter. Because of the disadvantages in sample retention with

the Nuclepcre, the Millipore is preferred by NIOSH for sample collection.

SAMPLE PREPARATION

The analytical procedure requires a sample preparation that is suitable for
TEM. Like all preparation methods for'TEM, the filter substrate must be re-
moved and the sampled materiél deposited on a suitable electron microscope
grid. This procedure must be gentle so as not to cause redistribution, change
in physical or chemical nature, or loss of the sémple. The two most commonly
used preparation methods feported in the literature for both Millipore and
Nuclepore have been‘the Jaffe wick (21/22) ana the condensation washing(23)
techniques. However, these methods do offer some difficulty in the complete

disscolution of the filter as well as substahtial particle loss.

' The sample preparation method currently being used by NIOSH is a modifica-
tion‘of a particle transfer technique developed by Ortiz and Isom.(zs) The
technique is designed to utilize vérious Millipore filters (Millipore AA,
HA, GS, and VM) with different pore éize diameters. With this technique,
observed particle losses have not been size dependent, with spherical

particle losses not exceeding 10% and fibrous particle loss less than 5%, (25)

Sample preparation regquires cutting a section of the membrane filter elther

with a cork bore {8mm diameter) or a scalpel. The section is removed and placed
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sample side up on a clean microécope slide. 1If the circular section from

the cork bore is used, the edges of the section can be fastened to the slide
with a gummed binder.rinq. Likewise, if a section is removed with a scalpel,
it can‘be fastened to the slide using narrow strips of transparent tape
(Figure 1). The slide assembly is placed in a petri dish on fop of four
Whatman filters which have been saturated with acetone and‘covered (Figure 2).
The acetone vapors destroy the microporous structure of the fiiter by sloﬁ
dissolution and produce a fused, microscopically smooth surface on the
sampled side of the membrane filter. The extent of filter exposure to the

" vapor is important and is controlled by limiting the time that the filter

is kept in the vapor bath. Specific filter fusion and dissolution times

vary with the types of collected particles. Normally 2 to 15 minqtes is
sufficient tolproduce a smooth matrix. If the filter exposure time is tod&l
long, the fusing membrane may flow around and over the cocllected particulates
and encapsulate them. These encapsulated particles may later be washed away
by the solvent during the subsequent dissolution step. If the vapor exposure
is too short, the surface fusion of the membrane is incomplete and the final
- preparation will contain a coarse, grainy background which resulté from re-
plicating tﬁe residual porous filter structure. A 10-minute fusion time has

been found to be generally acceptable when Millipore AA filters are used.

Once the filter section has been fused, the slide assembly is placed in a
vacuum evaporator con a rotary stage, where the sampled side of the filter is

then coated with carbon by conventional techniques. The rotating filter
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fusing Millipore filters
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is coated heavily with carbon using a carbon tip which measures 5 mm

in length by 1 mﬁ in diameter. The tip of the carboen rod ;hﬁuld be per-
pendicular, appreximately 10 cm from the centgr of the filter sectioen,

The continucus carbon film produced adhefes diﬁectly to the fused membrane

surface and to the collected particulates. (Figure 3}.

Next, using the petri dish as a resérvior, four Whatman filters are placed in
the base and saturated with acetone. Several Slank 200-mesb formvar/carbon-
coated electron microscoﬁe (EM) grids are piaced right side up on the whatman
filters. Sections, somewhat larger in size than the grids} ére cut from the

coated filter and placed, sample side down, on the EM grid. The sections can

be readily cut out using an appropriate cork bore or scalpel (Figure 4). Care
must be taken to prevent the coated filter section from curling or shriveling
when it is placed on the EM grid. This can be achieved by holding down the edges

of the filter section with tweezers until the acetone solution has made contact.

The acetone saturated Whatman filters provide a porous platform for the gentle
chemical dissoclution of the original membrane filter. The filter matrix is
dissolved, leaving the particulates adhering to the carbon £ilm, which is, in

5

turn, suéported by the EM grids.

Saturation of the Whatman filters should be maintained for 8 teo 16 hours to
complete total dissolution of the filter. Acetone may have to be added periocdi-
cally due to evaporation. The acetone solution should never permeate above

the surface of the top Whatman filter.
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Figure 3. Vacuum evaporator assembly for
' "~ carbon coating fused Millipore filters

Figure 3. Carbon coated Millipore filter sections
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Figure 5. Modified Ortiz and Isom mouﬁtinq technique
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ANALYTICAL INSTRUMENTATION

The analytical system consists of a JEQL, JEM l00B transmission/

scanning elecfron microscope equipped with an\EDAx energy-dispersive

X-ray spectrometer. The TEM has a side entry sbecimen stagé'that can be
tilted + 60° or the speciﬁen rotated 360°. The energy-dispersive X-ray
detector (lithium-drifted silicon crystal) i;sfitted‘through a port in the
TEM column parallel to the specimeh holder. The specimenfto-detector dis=-
tance is approximately 10 ﬁm with the séecimen holder tilted 39° degrees
toward the detector for_opfimum X-ray colleétioﬁ; The X-ray energy from the
specimén is éonverted to a voltage puisé whicﬁ is:a@pliﬁiea, digitized, and
stored in the multichannel analyzer. The ene;gy-@isper#ive detector (EDS)
being used is capable of detecting eleméhts ﬁifﬁlatomic'numbers of 11 (sodium)
or higher and has an actual eﬁergy resoiutiéﬁ of less than 170 electron volts.
The X-ray detector is collimated suchlthat'a spatial resolution for micro-

chemical analysis of better than 0.5 micrometers is realized.

This combination of analytical instrumentation . (TEM pl;é EDS) permits visual
characterization of particulate morphology, simultangoﬁs opservation of the
single~-fiber SAED pattern, and fiber chemical gomposition by X-ray micro-
chemical analysis. The analytical instrumentation is pictureduin'Figure 6.

N
' IDENTIFICATION AND CHARACTERIZATION PROCEDURES

Samples prepared by the methed p;eviously described are placed in

the TEM where three basic pieces of data are gathered to identify and
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characterize all fibrous (3 to 1 aspect ratic) particulates. These include:
(1) visual identification of singléifiber electron diffraction patterns,
(2) visual identification of semiquantitative elemental analysis spectra
using X-ray microchemical techﬁigues, and (3)-de£ermination of fiber length

and diameter.

To aid in interpretation of collected data and to allow for comparison Qith
fiber standards, several operational péfameters of the TEM are maintained
constant. These include (1) sample tilt (39%), (2)'acce1erating voltage
(100,000 electron volts}), (3) beam cufrent (100 hicrdamps); {4) energy-dig-

| persive x-ray detector to specimen distance (10mm), and (5) the electron dif-
fraction camera constant, which is péribdicélly‘calibrétéd. Other data fe-
corded with each analysis includes screen magnifigation, avéraga‘area of the

sample grid opening, and the number of grids and grid openings analyzed.

Prior to the identification and characterization of the éample; the prepared
grid is first scanned to insure even distribution of particulates and to
ascertain the gquality and suitability of the sample_preparation; A mag-
nification is then selected that will allow cbservation of most fibers within
the sample and will permit their size determination. Grid openings for
analysis are ranéomly selected and all fibrous particulates identified in
the following manner.

1. particulates must have a length-to-width ratic > 3 to 1 to be

identified as a fiber.
2. SAED is performedyon the fiber which is classified as follows by

visual cbservation:

29



a. Positiv; amphibole diffraction pattern.
b. Positive chrysotile diffraction pattern.

c. Nonasbestoﬁl diffraction paj:tern (positivg fo;- another mineral) i,
d. Aﬁbiguous diffraction pdttefni(does ﬁot allow positive identifi-
?éiign as amphibole, chrysotile, or nonasbestos minafal, and
_inciué;s fisérs‘whose SAED is obséured by debris or overlap).

e. No SAED p;ttérn (iﬂclu@es amorphous fibers and fibers too thin
to give;;n observable SAED}.

3. Microchemicaiﬁgnalysislis‘performed on the fiber displaying the
spectrum on .the video display. Background X-ray counts are sub~
tracted, thg'elemental raéidg compared, and an identification
made by irisuai'comparisqn with known staﬁaarda.

4. The identifiedvfiber is sized with calibrated circies or‘millimeteri;
markings etched on the TEﬁ viewing screen.

5. Selected pictures of microchemical analysis and/or SAED patternsnare
taken and stored for reference.

The format used to record the above information is shown in Figure 7.

Fiber concentrations are thén calcul#tad using the average grid opening
area as the counting field a:e&. Average grid opening areas are dgterminéd
by optical micrﬁscopy by measuring réndomly selected grid openings. Measure-
ments are performed periodically to assure continulty of grid opening areas.

| I
To optimize statistical accuracy of the analysis while keeping analysis

fime to acceptable limits, 10 grid openings or 50 fibers are analyzed
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from each sample, with a minimum of 5_grid openings analyzed. Typical

analysis times average 90 minutes to 2 hours per sample.

In order to be as definitive as po;sible in\both the idéntification of the
SAED and the simultaneous microchemical analysis, bﬁlk quantities of the
sampled minerals, preferably from the same geclogic source, should be bb-
tained and also characterized. These buik minerals can be utlilized as ref-~
erence standa;ds for bdth SAED and microchemical analysis. These reference
minerals are often mofe reliable than UICC standards, since chemical com-
position ratiqs differ for like minerals due to the‘association of other
mineral fragments and the leaching of chemical elements during initial for-

mation.

32



DISCUSSION
The addition of X-ray analytical equipment with a standard TEM,
it is possible to obtain semiquahtitative chemical analysis of single
fibers, even though they may be. submicroscopic in size. The ability to
accumulate micréchemical data from a particulate is often dependent upon
the size, angie of detection, and density of the given particulate. The
microchemical analysis of these particulates can be enhancéd by operating
at 100 kilovolts, reducing the size of the beam spot for increased spatial
resolution, and adjusting the beam stigmator‘to elongate the beam over the
fiber. Thesé procedures allow fibers with diameters as small‘as 200

angstroms to be effectively analyzed.

Most envirconmental samples containing fibrous minerals will readily allow
microchemical analysis for 90% to 95% of the observed fibers. The identifi-
cation_of fibrous minerals, however, should not be based entirely upon a
visual examination of the X-ray spectra, unless a bulk quantity of the
observed mineral has been characterized for a chemical compositicn reference
and a substantial number of the fibrous minerals present have been simulta-
necusly identified with SAED. Tﬁis is necessary when characterizing any
sample of unknown and/or mixed fibrous minerals because of observed similar-
ities in chemical compositions of many asbestos and nonasbestos minerals.
Fibrous minerals with similar chemical compositions are illustrated in

Appendix B.

Most researchers agree that the SAED of a fibrous mineral may often be
sufficient for a positive identification as long as measurements of crystal

spacings are performed and compared with a reference. Identification by
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thié methodology may be difficult due to‘the preferred orientation of the
fiber to the beam and the length of time required to identify a Single
fiber. 1In additiqn, the identification of cbserved fibers by SAED very
seldom exceeds 50% to 60% when the sample is collected from water,.ambient

L

air, or industrial environments.

A rate of identification of fibers greater than 50%. to 60% can be obtained

if microchemical analysis is utilized along with the SAED. Positive
identification of additional fibers is possible when both SAED ;nd m;cro-
chemical analysis are used. Those fibers which do;nof %xhibi; a SA%D
pattern can be distinguished if the chemical composition dete;mined:by micro-
chemical analysis for that fiber is identical to the composition of those
fibers which previously have been identified by both SAED ﬁna m%crochemical
methods. By utilizing both of these analytical methods, a more definitive,

qualitative, and quantitative analysis can be achieved.
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Appendix A

Examples of Minerals Which May
Occur in a Fibrous State
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Appendix B
.Electron Photomicrographs, Selected Area Electron

Diffraction Patterns and Typical Energy Dispersive
X=-Ray Spectra for Selected Fibrous Minerals
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ACTINOLITE

Photomicrograph

1 micrometer S

Selected Area Electron Diffraction

X-Ray Spectrum
‘Mg-8i-Ca-Fe

best avallable copy.

50 - L

{ Repraoduced from
|







AMOSITE

Photomicrograph

1 micrometer e —

Selected Area Electron Diffraction

I5SEC £74551N7T
. 508, HS: A

X-Ray Spectrum
Mg-Si-Fe
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Reproduced from
best avallable COpy.



ANTHOPHYLLITE

e , | : T 'hPhotomicrog;aph

=" 1 micrometer @ e .,

Selected Area Electron Diffraction

X-Ray Spectrum
Mg-S81 trace Fe

-~

r Tproduced from
best avallabig copy.
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ANTIGORITE : )

Photomicrograph
——————

. 36S5EC L4991TNT. -
0 "HS: 2QEV/GH

X-Ray Spectrum
Mg-S1i trace Fe

Reproduced from
best avallable copy.
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ATTAPULGITE

Photomicrograph

1 micrometer S

Selected Area Electron Diffraction

LZSEC 122591INMT
" HS: 26EY/CH

X-Ray Spectrum
Mg-Al-Si trace Fe

i [Reproduced from
54 best avallable copy.




BRUCITE

Photomicrograph

1 mlcrometer —_—

Selected Area Electron Diffraction

TUU225EC 11154147
. 500 HS. Z@EY/CH

X-Ray Spectrum
Mg

o

! [ Reproduced from
[ best avallable copy.
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CHRYSOTILE

Photomicrograph

"1 micrometer -

Selected Area Electron Diffracticn

4

X-Ray. Spectrum
Mg-S1

eproduced from
Eegt avallable copy.




‘ - " CROCIDOLITE

Photomicrograph

LI T ‘
1 micrometer —

Selected Area Electron Diffraction

X-Ray Spectrum’
Na-Si-Fe L

beproduced from

est available copy.




Photomicrograph

1 micrometer —

Selected Area Electron Diffréction

X-Ray Spectrum
5-Ca




HALLOYSITE

?hotomicrograph

1 micrometer —_—

Selected Area Electron Diffraction

16SEE - 43967 1INHT

588  HS: 2BEV/CH | .

X-Ray Spectrum
Al-S81
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Photomicrograph

1 micrometer —

X-Ray Spectrum
trace Na-Al-5i
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PYROPHYLLITE

Photomicrograph

'1 micrometer S

Selected Area Electron Diffréction

8  B8SEC 12686INT. .

vs- §aa HS: 2REY/CH

X-Ray Spectrum
Al-sdi

6l



SEPTIOLITE

Y A

Photomicrograph

\

1 micrometer e

Selected Area Electron Diffraction

10SEC 12415INT
5080 HS: 29EVY/CH

X-Ray Spectrum
Mg-Si -

~

eproduced from
best available copy.
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TALC

Photomicrograph

1 micrometer —_—

Selected Area Electron Diffraction

© 3ISEC 121121INT
¥5: 588 HS5: 28EY/CH
' -

X-Ray Spectrum
Mg-Si




THOMSONITE

Photomicrograph

1 micrometer .

Selected Area Electron Diffraction

X-Ray Spectrum
. Al-81-Ca trace Fe

Reproduced from S
best available copy.
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' TREMOLITE

Photomicrograph

1 micrometer [

Selected Area Electron Diffraction

X-Ray Spectrum-
Mg-S1-Ca




WOLLASTONITE

Photomicrograph

1 micrometer =  j——00n——y

Selected Afea Electron Diffraction

X-Ray Spectrum
Si-Ca

Reproduced from
best available copy.
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