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ABSTRACT

The provisional electron microscope wethodology for measuring the
concentration of sirborne asbestos fibers was refined. The methodology is
divided into separate protocols. The step-by-step procedures for each
protocol are nearly identical, so that cumulative data can be obtained and
uncertainties, especially in asbestos identification, can be clarif{ed. The
operatiopal steps encompass (1) type of sample, (2) collection and transport,
(3) sacple preparation, (4) exacinatfon under the transzission electron
péicroscope (TEM) and data collection, (5) data reduction and reporting of
results, and (6) quality control-quality assurance.

The TEM analytical protocol is subdivided inté three levels of anal-
ysis: Llevel I, for screening many sanples; Level II, for regulatory action;
and Level 111, for confirmatory analysis of controversial sarples. Because
gdentification of asbestos structures $s critical, the level of analysis s
directly related to the information sought:

level I—morphology and visual selected area electron
diffraction (SAED) pattern recognition.

level II-—morphology; visual SAED; and elemental analysis,

Level II1I—morphology; visual SAED; a selected number of SAED
mpicrographs of zone-axis patterns; and elemental
analysis.

This report was submitted in fulfillment of Contract Ko. 68-02-3266 by
1IT Research Institute under the sponsorship of the U.S. Eovironmental
Protection Agency. This report covers the period September 19, 1979, to
June 19, 1981, and work was completed as of September 30, 1981.
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SECTIOR 1
INTRODUCTION

Asbestos I8 recognized as a health hazard, especially 4f inepired into
the alveolar region of the respiratory tract. Asbestos may be present in air
sacples, water sacmples, bilological or clinical samples, and other miscel-
laneous bulk samples, such as ores and food. These various types of samples
require different collection methodologies and diverse preparation techniques.

°

Asbestos analysis methodologies may be categorfzed as bulk-material
analyses, or those providing concentration fnformation, and single-fiber
analyses, or those providing morphology, size distridbutfon, and concentra-
tion. Bulk-material analysis techniques, which include infrared spectroscopy,
differential thermal analysis, and x-ray diffractfon analysis (XRD), are
lizited by an insbility to analyze concentrations of less than 1 yug, and by an
tnability to differentiate between fibrous and nonfibrous forms of wminerals.

Single-fiber analysis techniques fnclude optical microscopy and electron
rpicroscopy. Optical microscopy employing phase contrast has been promulgated
into a monitoring method for the workplace environment (NIOSE-P&CAM 239). 1In
addition, promulgation of a monitoring method for bulk-material asbestos
sarples (building {nsulation) using polarized light microscopy (PLM) 1s
presently being considered. BEowever, optical microscopic techniques cannot
determine fibers of less than approximately 1 ym in dismeter, and phase
contrast cannot differentiate between asbestos and nonasbestos fibers.

The electron microscope (EM) provides particle morphology and size, and a
degree of identificatfion. A comprehensive study of various EY procedures
(Sazudra et al., 1977) was conducted in developrent of a provisfonal wethod-
ology manual, Electron Microscope Measurement of Airborne Asbestos Concentra-
tions (Sarudra, 1978). Three EM methods are available: the scanning electron
microscope (SEM), the transmission electron microscope (TEM), and the analyti-
cal electron microscope (AEM). The SEM, with an x-ray energy-dispersive
spectrometer (EDS), permits visual characterization (analogous to reflectior
optical microscopy) and fiber fdentiffcatfon by elemental analysis. The TI:,
providing an increased data-acquisition capability, permits visual charact-ri-
zation (in the transmitted mode) and fiber identificatfon by crystal str . ture
analysigs. The AEM is a TEM with an EDS, and with the added capadbility !
SEM/STEM (scanning transmission electron microscope) operation, whict . imits
visual characterization (worphology and sfze) as well as fiber ident: cation
using both erystal structure by selected srea electron diffraction ‘ED) and
elezental analysis by EDS.




The original EM pethodology was developed for the U.S. Environmental
Protection Agency (EPA) for peasuring sirborne asbestos concentrations,
specifically for apbient air and for use a5 & “screening” tool. Development
guidelines {ncluded attainable precision and accuracy of results; relative
rapidness in use; cost-effectiveness; spplicability to & large number of
jaboratories possessing 8 TEM (at that time, very few laboratories had TEM's
wvith x-ray analysis capability or an APM); and procedural steps to be inde-
pendent of unique or exceptional fn-house capabilities of & single laboratory
(thet is, {interlaboratory precision rather than {ntralaboratory)e.

In usage, the EM pethod was successful within its prescribed limita-
tions--that s, the precision and accuracy of results between laboratories
using the complete method was good. However, prodblems that had been Tecog-
pized 4n the study developing the gethodology (Samudra et al., 1977) arose in
the aress of (1) {nterpretation of airborne, (2) sanple collection, (3) need
for more exacting ydentification of asbestos, especially of amphibole type,
and (4) use of only part of the methodologye.

The present study was undertaken to refine the methodology. The problem
areas and related criticisms were addressed within the underlying goals and
guidelines set for optimfzing the pethodology. Protocols sizilar to & cook-
book were not possible since basic knowledge or training was required regard-
ing (1) sample collection, (2) preparation of samples for EM, (3) use of the
TEM-AEM, and (&) diffraction pattern analysis. The refined methodology 18
based on an assumption that each intended user of & particular level of analy-
sis has the necessary background and training to use it.



SECTIOR 2

CONCLUSIORS AND RECOMXERDATIONS

The EX methodology for measuring the concentration of alrborne asdestos
fibers has been refined and specified, and is recommended for field evalua-
tion. The methodology is based on a TEM analyt{cal protocol that is divided
{nto three levels of effort: Level I, for screening many sanples; level II,
for regulatory action; and level 1II, for confirmatory analysis of controver-
sial sarples. The three-level analytical methodology is cost-effective, and
will provide the required results for proper assessment of asbestos.



SECTION 3

GUIDELIRES FOR UHDEXS!AHDIﬁG TEE METBODOLOGY

The pethodology is divided into separate protocols. The step-by-step
procedures for each protocol are nearly identical, e®o that cumulative data can
be obtained and uncertainties, especially in asbestos gdentification, can be
clarified.” These operational steps are:

(1) Type of Sample--Source

(2) Sample Collection and Transport

(3) Sample Preparation for Analysis—GCrid Transfer
(4) TEM Examination and Data Collection

(5) Data Reduction and Reporting of Results

(6) Quality Control/Quality Assurance (QC/QA).

The analytical protocol under the TEY examination and data collection
procedure 1is subdivided into three levels of increasing analytical effort in
tercs of requiring an {nstrument of greater capability, an electron
picroscopist with greater expertise, and a longer analytical time. Level I, 8
monitoring or screening methodology, resembles the present EPA provisional
methodology (Sszudra et al., 1978; Anderson and long, 1980). Llevel II is 8
regulatory method requiring additional analytical criteria to establish
asbestos identification 1{rits, and to provide guidance for Level 1 analyses
by confirzing or clarifying visual SAED pstteims. Level 111, the most
sophisticated and the costliest of the pethods, is Intecded for confirming
asbestos identification, especially in judicial controversies and other
special situations. ‘

In Sections 4, 5, and 6, the protocols for each of the three levels of
.analysis are presented independently of each other, and thus procedures common
to each are repeated. All figures are presented in Appendix A. )

Section 7 describes modifications for using the methodology on archival
sazples, which are gazples collected on nonprocedural filter substrates, OT
saxples collected without regard to filter loading levels. Section B
describes analysis of inorganic sources {n bulk-air sesmples or im bulk form.
Section 9 concludes the report with a discussion of analytical aids pertaining
to the limits of detection, preparation of blanks, use of conputers,
regnification calibration, and statistical methodology.



General guidelines for understanding the methodology are discussed in
the following paragraphs.

1¥VEL OF ARALYSIS

Knovledge of the history, source, and location of the sample, and the
purpose and objective of the analysis aids in selecting the correct level of
analytical effort. Simply "grinding the samples out” peither is cost-
effective nor produces the best results, especially for Level 11 and level II1
analyses. Instead of a1l level I, all Level II, or all level II1I, the
majority of the analyses may be level I, followed by some Level 1I. Level 1I1
could be used in {ts entirety or only at the analytical phase. 1f the source
{s known to contain no amphibole-type interference, or if chrysotile is of
interest, gold-coating can be eliminated.

1f a legal proceeding s anticipated, Level III analysis will be required
wvhere a chain~of-custody record is kept from collection, transport to the
laboratory, preparation, snalysis, data reduvction, and reporting of results.
EM finder grids must be used for grid transfer. In addition, for quality
assurance, a second laboratory must be available for analyzing a portion of
the sacple using the same degree of custodial care. QC/QA protocols must be
observed and records kept.

Vhenever possible, and especially for unknown source sazples, 10 to 20%
of each set of sazples should be analyzed by level II analysis prior to using
Level 1 as a screening procedure.

Level I is a relatively repid procedure, and can be used by many
laboratories with access to a conventional TEM. However, level I results
should not be used fn legal proceedings. 1f "positives”™ or "false positives”
are found, especially in areas where asbestos is known to be absent, and the
field blank and laboratory blank have been checked, Level 1I analysis, and
possibly Level 1II analysis, should be performed.

ORDER OF AXKALYSIS

The order of analysis 4s (1) field blanks, (2) laboratory blanks (if
needed), and (3) field samples. .

COLLRCTION AKD REPORTIRG

The counting rule, “minlmum 100 fibrous structures per known area
(corplete grid opening) or 10 grid openings, whichever is first,” 15 a winimruz
rule for cost limitation. For very low asbestos presence, or for asbestos
contenination studies, where particulate loading is high and asbestos preccznce
very low, counting 20 grid openings from each of 2 grids (10 per grid) is
recommended, .

The EM magnification factor s very high or, conversely, the ar<. of
deposit examined is very small. Therefore, although the electron r  .oscopist
way report a rero count, the notation "Below Detectable Level™ fg - .e appro-
priate in the sample report. Along the same lines, the electron : croscopist
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should report observations, measurements, and conclusions as objectively as
possible, realizing the subjective nature of his decision-paking, such as
parallel-sided. 3:] aspect ratio, pumber count, size measurements,
recognitlon—discrimination of SAED patterns, and categorizing of asbestos
structure.

pata reduction and reporting of results must be consistent and stated.
pimpensions of X-fibers (unknown length since complete fiber is mot visibdle)
mey be doubled, not counted st 8ll, or presented separatelye. poudbling of the
visible portion is recommended, and should be so stated {n the reporte.

Mass or conversion of size peasurenents to an assumed shape-volume-
density relationship, 15 calculated, and thus 1s the least reliable of the
dats, especially for g-fidbers, bundles, clusters, and matrices.

Althdugh morphology, SAED, and XRF efther singly or in combination will
provide {dentification of asbestos, mot all structures will be identified.
The nature of the asbestos structure prevents analysis of all structures by
SATD and/or by elemental analysis with EDS. Such factors as specimen thick-
ness, orientation, and proximity to other particulates or to the grid wvire
will prevent attainment of good SAED patterns and limit the effectiveness of

cherical analysis.
COSTS

Levels I, II, and 1II analyses are estinated to require 200, 400, and
1200 min per analysis, respectively. Additional costs will result from
collection, preparation, and reporting'of results. The equivalent monetary
costs will depend on the laboratory rates of the personnel {ovolved.’

APPLICATIOR TO BORAIRBORKE SOURCES

Although the pethodology has been developed for afrborue asbestos, other
types of sacples from different sources can be analyzed {f the samples are
finely divided and placed with proper loading and uniform distribution either
on a polycarbonate merbrane filter or on & carbon—coated EM grid. 0f course,
the limitations of the collection and preparation steps mpust be known and
accounted for to prevent {paccuracies in comparing results.

CZOGRAPEICAL COKXSIDERATIONS

In some parts of the country, such as the Upper CGreat Lakes area, the
possibility of pisidentification is gpuch greater becsuse some nonarphibole
pinerals have visual SAED patterns that closely resexble those of axphidboles.
Cold—coating and level 11 analysis will belp in differentfating between these
rinerals,

LALORATORY CORDITIORS
Asbestos analysis {nvolves sustained microscopy for periods of 3 to
7 hours with unscheduled rest breaks. Subjective decisions regarding such

fsctors as morphology, size peasurement, visual 1dentification, and possible

6



EDS make 4t difficult to break a manipulative physical routine or rhythm.
Therefore, a professional environment for the microscopist 4s essential for
effective sasbestos analysis. In particular, such factors as unnecessary or
redundant procedural steps, lack of personal recognition, and unreasonable
deadlines may contribute to poor precision.



SECTIOR &
LEVEL 1 ARALYSIS
SUMMARY OF PROTOCOL

Level 1 analysis is & ponitoring or screening technique. It sssesses the
apount and type of asbestos structures in the atmosphere through the following
steps:

L ]

(1) A known volume of air $s passed through 8 polycarbonate
pecbrane filter (pore diameter, 0.4 ym; filter diameter,
37 or 47 m=) to obtain approximately 5 to 10 yg of
particulates per cm? of filter surface.

(2) The particulate-laden f{lter is transported in its own
filter holder.

(3) The filter {s carbon-coated in the holder.

(4) The partfculates are transferred to an EM grid uvsing &
refined Jaffe wick washer.

(5) The EM grid, containing the particulates, 1s gold-coated

(6) The E¥ grid is exarined under low magnification (250X to
1000X) followed by high-magnification (16,000X on the
fluorescent screen) search and analysis.

(7) A know: area (zeasured grid opening) 18 scanned, and the
fibrous structures (fibers, bundles, clusters, and
catrices) are counted, sized, and {dentified as to
asbestos type (chrysotile, arphibole, ambiguous, OT no
{dentity) by morphology and by observing the SAED pattern,

(8) The observstions are recorded—a minimpum of 100 fibrous
structures or 10 grid openings, whichever is first. !

(9) The data are reduced and the results reported.

EQUIPHENT, FACILITIES, AXD SUPPLIES
The following items are required for level I analysis:
(1) An 80 or 100-kV TEM with a fluorescent viewing screen

gnscribed with graduations for estizating the length and
width of fibrous particulates.



(2) A vacuum evaporator with s turntable for rotating
specimens during costing, for such uses as carbon-coating
polycarbonste filters, gold-coating EX grids, and
preparing carbon-coated B grids.

(3) An BM preparation room adjacent to the room housing the
EM. This room should either be a clean-roon facility, or
contain a lazinar-flow class-100 clean bench to minimize
contarination during EM grid preparatfon. Filter handling
and transfer to EM grids should be performed in a clean
atzosphere. Laboratory blanks should be prepared and
analyzed weekly to ensure quality of work.

(4) Several refined Jaffe wick washers for d{ssolving menmbrane
» filters.

(S) Miscellaneous EM supplies and chenicals, dncluding carbon-
coated 200-mesh copper grids, grid boxes, and chloroform.

(6) . Sazple collection equipment, fncluding 37-mn—d{ameter or
47—z-diapeter filter holders, 0.4—ym (pore size)
polycarbonate filters, 5.0—ym (pore size) cellulose ester
penbrane filters for back-up, & sampling pump with
ancillary equipment, & tripod, ceritical orifices or flow
peters, and a rain/wind shield.

DESCRIPTION OF METBODOLOGY

1. Type of Ssaples—Source

This protocol was originally developed for the EPA for measuring airborne
asbestos (Sacudra et al., 1977; Samudra et al., 1978). A broad interpretation
of airborne has been to apply the term to samples obtained from ambient air
(the original purpose), aerosolized source paterials (such as the asbestos
workplace environment, and fugitive dust emissions), bulk-air material (such
as total suspended particulate (TSP) samples, dust, and powders) and any other
type of sacple obtained by nonrestrictive use of (1) collection of & volume of
air, (2) separation from the air, and (3) concentration of the particulates
onto a substrate. The airborne protocol has also been spplied to samples
collected in the regulatory areas of the EPA, as coupared with, for example,
the workplace environment (National Institute of Occupational Safety and
Bealth), mining activities (U.S. Bureau of Mines), and shipboard atmosphere
(Federal Marftime Admin{stration).

The present methodology has been optimfzed for applicatfon specifically
to samples collected from a volume of air in which the asbestos concentration
48 considered a minor component of the total particulate loading (other analy-
tical pethods are available for samples known to contain high concentrations
of asbestos); and fn which the particles are less than 15 ym 4n diameter,
6ince particles greater than 15 ym either are not inhaled or are deposited in
the upper respiratory tract and expelled, and preferadly less than 10 ym in
diaceter as recomszended by the Clean Afr Scientific Advisory Comrittee
(B{leman, 1981), since particles up to 10 ym can be absorbed by the alveolar
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region of the lung. These concentration and size restrictions will preclude
pany sir sacples collected in an asbestos-processing environment and in bulk-
air material from the complete methodology. Bowever, such samples can still
be examined with the TEX, within the limitations of the {pstruzent, through
changes in preparation techniques--provided the effects on the final results,
such as fractfonation of size and representativeness of the sample, are
carefully considered. ’

2. Szaple Collectioo and Transport

Sanple Collection—

Saxpling procedures vary depending on the nature of the sample, purpose
of collection, analytical aethod to be used, sample substrate, and time and
cost of sample collection relative to the total analytical effort. Neverthe-
less, therrimary objective of sanple collection always is to obtain a repre-
sentative, unbiased sample.

Izpingersy {mpaction devices, electrostatic precipitators, and thermal
precipitators have been used in sample collection, but each hes 1imitations.
Presently, the preferred substrates are menbrane filters, which are manu-=
factured from different polymeric materials, including polycarbonate, mixed
esters of cellulose, polystyrene, cellulose acetate, and cellulose nitrate.
Polycarbonate membrane filters differ from the others in befng thin, strong,
and szooth-surfaced, and in having gleve-1ike construction (circular pores
fror top surface to the bottom). The other wenbrane filters are thicker, have
irregular—surfaces, and have depth-filter construction (tortuous paths from
top surface to bottom).

Consequently, polycarbonate filters have been selected for airborne
asbestos analysis. The collection of small-sized particles (prefer less than
10 yz in diazeter), the light loading of particulates, the uniform distribu-
tion of particulates attainable using a depth-type backing filter, the smooth
surface and circular holes (which aid &n deternining sfize and {nstrument tilt
axis), and the relative ease in grid transfer (thin and strong) minimize
dissdvantages of lack of retentfon and/or xovement of large particles during
handling. Other perbrane waterials, such as the cellulose ester type, are
recomzended for phase contrast and PLM, heavy particle loadings, and physical
retention of large particles.

In microscopical analysis, uniformity of particulate distribution and
loading fs critical to success. Air samples are taken on 37-om—dfameter OT
47-nz-disveter, 0.4—ym (pore sfize) polycarbonate membrane filters using the
shiny, smooth side &8 the particle-capture surface. Cellulose ester-type
pezbrane filters (pore size, 5.0 ym) are used to support the polycarbonate
filter on the support pad (37-mm—diameter personal saxpler) or on the support
plate (47-ma-diapeter holder)e.

Afr monitoring cassettes (37-sm—d{ameter) of three-piece construction are
availeble from several manufacturers. As with the 47<un—dilameter filters,
loading the cassettes with the support pad, back-up filter, #nd 0.4 yom (pore
size) polycarbonate filter should be carefully performed on a c¢18s5-100 clean
bench. Since the filters are held i{n place by pressure f{t rather than by
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screv tightening, air must not enter from the sides of the unit; a plastic
band or tape (which can doudble as a label) should be used as a final seal.

Collecting airborne samples with proper loading requires experience.
Each of the following technfques is useful in collecting airborne sanples for
direct microscopy, preserving representative sizes, without diluting
particulate deposits:

(1) For long-term sampling at a site, test samples should be
returned to the laboratory by express mail service, or air
express service or by being hand-carried, and should then
be analyzed by scanning electron microscopy.

(2) The estimated particulate loadfing (deposit is barely
” yvisible to the naked eye) should be bracketed by varying
the filtration rate and using the same time, or by varying
the time and using the same filtration rate.

(3) An automatic particle counter, such as a light-scattering
{instrument (0.3—m detection) or a real-time mass monitor
(0.1—ym detectfon), should be used to obtain an
approximate particulate-loading level of the area.

Although any one of the three techniques will work, the suggested tech-
nique {s to take the samples as a set, varying the sarpling rates and using
the same time so as to obtain filter samples with different particulate
loadings. Each set is composed of a minimum of four 37-ox-dianeter or 47-mm-
diazeter filter unitgs—three for different partfculate loadings (low, medium,
high), and the fourth for a field blank, Suggested sarpling rates are O for
the field blank, 2.48 L/min for the low loading, 7.45 L/min for the medium,
and 17.62 L/min for the high, for a 30 min ssmpling period using a 47-mm-
dismeter filter holder. Simultaneous sampling will provide at least one
sazple with a particulate loading suitable for direct EM analysis.

TSP's range from 10 pg/m? in remote, nonurban sreas, to 60 pg/m? in near-
urban areas, to 220 yg/m? in urban areas. FKowever, for heavily polluted
areas, TSP levels mey reach 2000 pg/m3. A loading of 5 to 10 yg per cm? of
filter is adequate for EM analysis; values beyond 20 to 25 ug per cm? require
a dilution treatment. As an example, for 47-um-—diameter filters at face
velocities of 3.0 cm/s (2.48 L/mfn), 9.0 cm/s (7.45 L/min), and 21.2 cu/s
(17.62 L/min), respectively, air volumes of 74.4 L, 223.5 L, and 528.6 L are
ganpled in 30 min. For a TSP level of 200 yg/m?, 14.88 g (1.07 pg/ewm?),

44.7 yg (3.23 yg/cm?), and 105.7 yg (7.63 pg/cm?), respectively, would be
collected on 47-mm—diameter filters (which would have effective filtrestion
areas of 13.85 cm2). The sampling time could be incressed to 60 min for areas
having lower TSP levels, or reduced in a heavily polluted area (source
enissions).

Af{rborne samples from emission sources contain coasrse particles (adbove
the respirable size) of large watrix structures, binder waterials, road dust,
clay minerals, fillers, and other wmaterials. For these samples, a fifth
filter unit can be added that has a size-selective inlet (cyclone, impactor,
or elutriator) attached prior to the filter unit. The flow pattern and flow
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rates of the tandem saxpling arrangezent must be checked before use. A satis-
factory, tested conbination presently used in Californis is & cyclone-filter
unit with & Dgp cut-off of 2.5 ym st 21.7 L/ein, and a Dgp cut-off of 3.5 yo
at 15.4 L/zmin (John and Reischl, 1980). Additional sampling devices, such as
{wpingers (used in biological sampling), impactors, and other desi{gnated
filter units (for TSP, XRD, or x-ray fluorescence (XRF), for example) can be
added to the system to obtain supplementary as well as i{nterrelated data.

This expandable pultifilter sampling unit, designated Bydra, offers the
following advantages:

(1) It {s smzll, foexpensive, snd compact, 80 that an adult
can easily handle it.

(2) 1t is efficfently desfgned, and includes a tripod,
+garpling pump, manifold, critical orifices, and & TOVW of
preloaded 37-mz—diameter or 47-ox—diameter filter
holders. A rain/wind shield, size-selective cyclone-
filter units, tubing, and other extras can be added as
needed.

(3) 1Its saople preparatfon steps end handling are minimized.

(4) It allows complementary as well as supplementary analysis
(TSP, size fractionation, bacterf{a, and XRF, for example),
although sdditional air sampling capacity 1s required.

(5) It accommodates axbient alr and source emission samples,
with or without a size-selective inlet.

(6) It allows synchronous saxpling in several places in the
vicinity following the same sacpling procedure, theredby
sccomnodating particulate concentratfon fluctuations.

(7) It fncludes filter holders that serve as transport and
storage units.

Bydra's disadvantages are & short sampling period, which may record an
episode; a small garpling quantity or volume, which may not indicate the
presence of asbestos fibers; and a detection limit of 2 x 10% fivers/m3 for
sacpling 1 m? of air with the 47-mm—dismeter filter.

Using 8 fnch x 10 fnch, or 102-mm-diameter filter sizes, is not recom=
gended. The sampling units are designed for purposes other than microscopye.
Interchanging the type of sample substrate filter (glass fiber or paper to
polycarbonate) does mnot correct the inherent problems of filter size and
sampling unite

Ssaple Storage &nd Trsnsport—

Once the sacple is acquired, its {ntegrity must be assured, and contaci-
nation and loss of fibers prevented, until it {s exarined under the EM. The
low cost and small size of the 37-om—~diameter and 47-mn-—dfaceter filter
holders enables them to be used as combination storage and transport con-
tainers. The filter holders should be maintained in 2 hor{zontal position

12



during storage and transport to the lsboratory so that the particulate-loaded
filters can be removed under optimally controlled conditions in the laboratory.

For 4&7-ux~d{apeter holders (open-face) to be used in transport or stor-
age, the screw cap is carefully removed, and the shiny, waxy, stiff separator
paper used to keep the polycarbonate f{lters apart 4s carefully placed on the
retaining ring. The cap is then carefully screwed back on so that the sepa-
rator paper seals and protects the partfculate-loaded filter without touching
4t. The 37-um—diameter, three-piece filter holder (aerosol monitor) is used
in {ts open-face position, and capped after usage for transport and storage.

When the more expensive 47-um—diameter holder 4s to be re-used immedi-
ately, the particulate-loaded filter should be carefully removed and placed in
a 47-mx-dianeter Petri-slfde (euch as that manufactured by the Millipore
Corp.*) This transfer takes place in the field rather than 4n the laboratory,
so that the Petri-glide should be taken into the field. The 37-um-diameter
filter holder or the 47-mn—diameter holder/Petri-slide should be secured and
all necessary sanple identificatfon marks and symbols applied to the holder,

3. Ssanple Preparation for Analysis—CGrid Transfer

Carbon—Coatfng tbhe Filter—

The polycarbonate filter, with the sample deposit and suitadble blanks,
should be coated with carbon as soon as possible after sampling s completed.
To begin this procedure, the particulate-loaded 47-am—d{iameter polycarbonate
filter i{s removed from the holder and transferred carefully to an open-faced
47-mm-di{ameter Petri-slide for carbon-coating in the vacuum evaporator (see
Figure Al, Appendix A). If the &47-mm—diasmeter filter 4s already in the Petri-
slide, the cover {s replaced with an open-face cover, winimizing filter
disruption. The 37-un—diameter filter is left in the holder, but the upper
1id 45 removed to create an open-faced filter. The open-faced holders are
placed on the rotating turntable in the vacuum evaporator for carbon-coating.
Figure A2 shows the multiple-coating arrangement in the evaporator; Figure A3
shows a close-up of the 37-un-diameter and the modified 47-wn-disneter holders
for carbon-coatinge.

For archival filters and those of larger sizes, portions of about 2.5 em
x 2.5 cm should be cut midway between the center and edge using a scalpel.
The portfons are then attached with cellophane tape to a clean glass micro~-
scope slide and placed on the turntable {n the vacuum evaporator for coating.

Any high-vacuum carbon evaporator may be used to carbon-coat the filters
(CAUTION: carbon sputtering devices should not be used). Typically, the
electrodes are adjusted to a height of 10 cm above the level of the filters.
A spectrographically pure carbon electrode sharpened to a neck of 0.1 em x
0.5 cr 15 used as the evaporating electrode. The sharpened electrode 1is

* Millipore Corp., 80-T Ashby Rd., Bedford, Mass. 01730
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placed in its spring-loaded holder so that the neck rests against the flat
surface of a second carbon electrode.

The manufacturer's instructions should be followed to obtain a vacuum of
about 1.33 x 1073 Pa (1 x 1075 -torr) in the bell Jar of the evaporator. With
the turntable in motion, the neck of the carbon electrode is evaporated by
{ncreasing the electrode current to about 15 A 4o 10 s, folloved by 20 to 25 A
for 25 to 30 s. 1f the turntable is not used during carbon evaporation, the
particulate matter may pot be coated from all sides, resulting in an undesir-
able shadoving effect. The evaporation should proceed in a series of short
bursts until the peck of the electrode £s consumed. Continuous prolonged
evaporation should be avoided, since overheating and consequent degradation of
the polycarbonate filter may occur, {mpeding the subsequent step of dissolving
the filter, The evaporation process may be observed by viewing the arc
through welders goggles (CAUTION: nmever look at the arc without appropriate
eye protection). Prelfminary calculations show that a carbon neck of S gm?
volume, when evaporated over a spherical surface 10 cm in radius, will yield &
carbon layer that is 40 no thick. '

Following carbon-coating, the vacuum chamber is slowly returned to
arbient pressure, and the filters are removed and placed in their respective
holders or in clean, marked Petri dishes for storage on & clean bench.

Transfer of the Seaple to the XM Grid—

Transferring the collected particulates from the carbon-coated polycar-
bonate filter to an EM grid {s accomplished in a clean room or on & class-100
clean bench. The transfer ig pade in a Jaffe wick washer, vhich is usually &
glass Petrd dish containing a substrate to support the EX grid/carbon-coated
pexbrane filter cozbinatfon. Solvent is added to & level to just wet the
cocbination and cause gentle dissolution of the membrane with pin{mum loss or
dislocation of the particulates, resulting in a menbrane-free EM grid with
particles exbedded 4n the carbon film coating. The gubstrate support can be
stainless steel mesh bridges, filter papers, urethane foams, or combinations
of these.

The refined Jaffe wick washer is described as follows:

(1) The glass Petrd dish (diameter, 10 cm; height, 1.5 cm) 18
gade airtight by grinding the top edge of the bottonm dish

wvith the bottom of the cover dish, with water and
Carborundunt powder (80 wesh); this creates & ground=
glass seal (closer £4t) and minimizes the need to refill
the Petri dish with added solvent. (The usual glass
Petri dish was found not to retain the solvent for long
periods of time, and unless the wicking substrate is kept
continuously wet, poorT golubility of the membrane filter
results, leading to 8 poor-quality EM grid).

‘e

-— ISR

¢ Carborundum is a registered trademark of the Carborundum Co., Carborundum
Center, Niagera Falls, N.Y. 14302.
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(2) A combination of foam and a single sheet of 9-cm filter
paper is used as the substrate support. A 3-cm x 3-co x
0.6-cm piece of polyurethane foam (the packing 4n
Polaroid film boxes) &s cut and placed in the bottom
dish. A 0.5-inch V-shaped motch is cut into the filter
paper; the notch 1s oriented in line with the side of the
foam, creating a well for adding solvent.
Spectrographic-grade chloroform (solvent) is poured into
the Petri dish through the notch until 4t is level with
the top of the foaz (also level with the paper). The
foam will swell, and care 18 needed to avoid sdding
solvent above the filter paper.

(3) On top of the filter paper, pleces of 100-mesh stainless
steel screen (0.6 cm x 0.6 cm) are placed, usually in two
rows, to make several grid transfers at one time (for
such uses as replicas), and to facilitate waintenance of
proper identity of each transfer. *

(4) A 3-mm section (usually midway between the center and
edge) of the carbon-coated polycarbonate filter is cut im
a rocking motion with a scalpel. The section may be &
square, rectangle, or triangle, and should just cover the
3'1!3 EM grid.

(5) A section is laid carbon-side down on a 200-mesh carbon-
coated E¥ grid. (Alternatively, Formvar—coated* grids or
uncoated EM grids may be used. Eere, the carbon coating
on the polycarbonate filter forms the grid substrate.)
Minor overlap or underlap of the grid by the filter
gection can be tolerated, since only the central 2-em
portion of the grid is scanned in the microscope. The EM
grid and filter conmbinstion 1s picked up at the edges
with the tweezers and carefully laid on the damp 100-mesh
stainless steel screen., The EY grid-filter conbination
wvill fmoediately "wet out”™ and remain on the screenm.

(6) Once all specifmens are placed i{n the washer, more solvent
{8 carefully added through the notch to maintain the
1iquid level so that it just touches the top of the paper
filter. Raising the solvent level any higher may float
the EM grid off the mesh or displace the polycarbonate
filter section.

(7) The cover 1s placed in the washer and orfented in place
over the specimen, and a map of the filter/grid/eacreen
arrangement {s made on the glass cover and in the
logbook.

% Forzvar i6 a registered trademark of the Honsanto Company, 800 N. Lindbergh
Blvd., St. Louis, Mo. '
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(8) Solvent (chloroform) is added perfodically to maintain
the level within the washer until the filter is
completely dissolved by the wicking action (24 to 48 h).

(9) The temperature 4p the room must remain relatively
constant to minimize condensation of solvent on the
bottom of the cover and subsequent falling of solvent
drops on the EM grid. ghould day-night or other
temperature differentials occur, solvent condensation on
the under-surface of the cover can be ninimized by
placing the Jaffe washer at a slight tilt (three glass
slides under one edge of the Petri dish parallel to the
row of grids) to allov the condensation drops to flow
toward the lower edge rather than fall on the EM grids.
At temperatures lower than 20°C (68°F), the complete
filter solution may take longer than 72 h.

(10) After the polymer is completely digsolved, the stainless
steel mesh screen with the B grid 4s picked up while wet
and set on lens paper tacked to the bottom of & separate
Petri dish, The EX grid is then 11fted from and placed
pext to the screen to dry. When all traces of solvent
have evaporated, the grid 1is stored in a grid box and
{dentified by location and grid box in the logbook.

Figure A4 illustrates the Jaffe wick washer wethod; Figure A5 shows the
vasher. The foam/filter cozbination is currently preferred, as i{s use of &
closely fitted (by means of the ground-glass seal) Petri dish.

Gold Coating—

An a3ditional step vill aid in subjectively evaluating the SAED pattern.
This step is required for specimens from the upper Great Lakes area and for
those of unknown origins. After the particulates on the filter are
transferred to the EH grid, the grid is held to a glass slide with doudle
stick tape for gold-coating in the vacuum evaporatoTe. Several EM grids may be
taped to the glass slide for coating at omne time. Approximately 10 o of
0.015-cz—d{ameter (0.006-inch) pure gold wire 1s placed in a tungsten basket
(10 cn from the rotating table holding the EM grids) and evaporated onto the
grid.

The thin gold-coating establishes an internal standard for SAED analysis.
For some mineral species, an {nternal standard will clarify visual identifica-
tion of the pattern of a fidrous particulate as being or not being an amphi-
bole species (for exacple, minnesotaite as opposed to amosite). With exper-
fence, differentiation {n SAED patterns can be observed., For sazples of known
geographic origins, gold—coating is optional, since the additional costing
hinders observation and fdentification of scall-diameter chrysotile fibers.

4. TEX Fraaination and Data Collection

lou Hagnification Ecaninotion of CGrids—
Figure A6 shows a modern TEM. The grid 1s observed in the TEM at
wagnifications of 250X and 1000X to determine its suitsbility for detailed
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gtudy at higher magniffication. The grid 1s rejected and a new grid used if:
(1) the carbon film over a majority of the grid openings is damsged and not
dntact; (2) the specimen 48 °dark due to incomplete dissolutfon of the
polycarbonate filter; or (3) the particulate loading is too light (unless a
blank) or too heavy with particle-particle interactions or overlaps.

TEX Analysis (Xorpbology end SAED)——
The following guidelines are observed for consistency in the analytical

protocol:

Q)

(2)

(3)
(4)

(5)

(6)
7

Magnificatfon at the fluorescent screen is determined by
calibration with a diffraction-grating replica in the
specimen holder.

A field of view or “gate” is defined. On some
microscopes, the central rectangular portion of the
fluorescent screen, which is 1ifted for photographic
purposes, I8 convenient to use. On others, a scribed
circle or the entire circular screen may be used as the
field of view. The area of the field of view must be
accurately measurable.

The grid opening is selected on a random basis.

The analysis, worphology, and SAED are performed at a
tilt angle of 0%

The recomrended Instrument settings are: accelerating
voltage, 100 kV; beam current, 100 uA; film magnifi-
cation, 20,000X (which is equivalent to 16,000X on the
fluorescent screen for this instrument); and concentric
circles of radii 1, 2, 3, and 4 cm on the fluorescent
screen, :

The grid opening I8 measured at 1000X.

Since asbestos fibers are found fsolated as well as with
each other or with other particles in varying arrange-
ments, the fibrous particulates are characterized as
asbestos structuress:

51355_(r) ig a particle with an aspect ratio of 3:1 or
greater, with substantfally parallel sides.

Bundle (B) 45 a particulate composed of fibers in a
parallel arrangement, with each fiber closer than the
diameter of one fiber.

Elybter (C1) 18 a partfculate with fibers in a random
arrangement such that all fibers are intermixed and no
single fiber 18 isolated from the group.
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(8)

(9

Matrix (M) 18 @ fiber or fibers with one end free and the

other end gmbedded or hidden by s particulate.

Cozbinations of structures, such as matrix and cluster,
patrix and bundle, or bundle and cluster, are categorized
by the dominant fibder quality—cluster, bundle, or
matrixe.

Counting rules for single fibers are:

(a) Particulates meeting the definftion of fiber are
{solated by themselves. With this definition, edge
view of flakes, fragments from cleavage planes, and
scrolls, for example, may be counted as fibers.

(b) Count as single entities 1f separation is equal to
or greater than the diameter of a single fiber.

(¢ Count as single entities if three ends can be seen.
(d) Count as single entities if four ends can be seen.

(e) 1In general, fibers that touch or cross are counted
separately.

(f) Two or morTe fibers are counted as a bundle 41f the
distances between fibers are less than the diameter
of a single fiber, or if the ends cannot be
resolved.

(g) Fidbrils attached longitudinslly to a fiber are
counted as part of the fiber and the sfze (width) is
estizated based on the fiber-to-fibril relationship.

(h) A fiber partially hidden by grid vires (one or two
ends) is counted, but jabeled as an X-fiber. If the
pucber of X-fibers {s more than 207 of the fibers
4dentified as asbestos, a larger-mesh E¥ grid should
be used, such as 100 mesh (sbout 200 ym wide).

Sizing rules for asbestos structures ares

(a) For fibers, widths and lengths are obtained by
orienting the fibers to the dnscribed circles on the
fluorescent screen, Since estimates are within
4] v, small-diameter fibers have greater margins of
error. Fibers less than ] om at the fluorescent
screen magnification level are character{zed as
being 1 mrx. A cylindrical shape is assumed for
fibers. X-fibers are sized by peasuring thelr
entire visible portions in the grid opening.

(b) Bundles and clusters are s{zed by estinating thelr
“widths and lengths. The sum of $ndividual diameters

{s used to obtain the total width, and an average
length for the total length, A laminar-sheet shape
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is assuped, with the average diameter of the
dndividual fidber as the thickness.

(c) Matrices are sized by adding the best estizates of
{ndividual fiber components. A laminar or sheet
structure s assumed for volume calculation.

(10) The method of sizing is as follows:

(a) An asbestos structure 1is recognized, and its
location in the rectangular “gate” relative to the
sides, inscribed cfrcles, and other particulates, is
memorized,

(b) The structure is moved to the center for SAPD
> observation and sizing.

(c) Sizing is performed using the inscribed circles. 1f
the structure, such as a fiber, extends beyond the
rectangular “gate” (field of view), it 1s super-
{rzposed scross the series of concentric circles
(several times, if necessary) until the entire

structure $s measured.

(d) The structure fs returned to its original location
by recall of the location, and scanning is
continued.

Figure A7 illustrates some of the counting and morphology guidelines used in
deterzining asbestos structures.

TEX Procedure—
The TEM procgdute is as follows:

(1) BM grid quality is assessed at 250X.
(2) Particulate loading is assessed at 1000X.

(3) A grid opening is selected at random, exanined at 1000X,
and sized.

(4) A series of parallel traverses 45 wade across the grid
opening at the film magnification of 20,000X. Starting
at one corner, and using the tilting section of the
fluorescent screen as a "gate”™ or "chute,” the grid
opening is traversed. Movement through the “gate™ {s not
continuous, but rather is a stop/go wotfon. Oa reaching
the end of one traverse, the fmage 48 moved the wvidth of
one "gate,” and the traverse is reversed. These parallel
traverses are made until the entire grid opening has been
scanned,

(5) Asbestos structures are {dentifted worphologically and
counted as they enter the “gate,”
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(6)

N

(8)

The ssbestos structure is categorized as fiber (vith or
without X-) bundle, cluster, or matrix, and sized through
use of the inscribed circles.

The structure (individual fiber portion) is centered and
focused, and the SAED pattern 4s obtained through use of
the field-limiting aperture.

(2) SAED patterms from single fibers of asbestos
ginerals fall dnto distinct groups. The chrysotile

asbestos pattern has characteristic stresks on layer
1i{nes other than the central line, and soze
streaking also on the central line. Spots of normal
sharpness are present on the central layer line and
oo alternate lines (that is, 2nd, &th etc.) The
repeat distance between layer lines i{s adout
0,53 nm.

(b) Azphibole asbestos fiber patterns show layer lines
formed by very closely spaced dots, and have repeat
distances between layer 1ines also of about
0.53 nm. Streaking in layer lines is occasionally
present due to crystal structure defects.

(c) Transzission electron micrographs and SAED patterus
obtained with asbestos standard saxples should be
used as guides to fiber jdentification. An example
4s the "Asbestos Fiber Atlas” (Mueller et al.,

©1975).

From visual examination of the SAED pattern, the
structure 1is classified as belonging to one of four
categoriess (1) chrysotile, (2) arphibole group
(includes amosite, crocidolite, anthophyllite, tremolite,
and actinolite), (3) axbiguous (incomplete spot
patterns), OT (4) no identification. SAED patterns
cannot be fnspected for some fibers. Reasons for the
absence of a recognizable diffraction pattern include
contarination of the fiber, interference from nearby
particles, fibers that are too small or too thick, and
nonsuitabdle orientation of the fidber., Some chrysotile
fibers are destroyed {n the electron beam, resulting in
patterns that fade away within seconds of being formed.
Some patterns are very faint and can be seen only under
the binocular microscope. In general, the shortest
available camera length must be used, and the objective
lens current wmay need to be adjusted to give optimum
pattern visibility for correct jdentification. A 20-cm
camera length and a 10X binocular are recomnmended for
inspecting the SAED pattern on the tilted screene.
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(9) Additional grid openings are selected, scanned, and
counted until efither the total number of structures
counted exceeds 100 per known area or & minimum of 10
grid openings has been scanned, whichever is first.

(10) The TEM data should be recorded in a systematic form so
that 4t can be processed rapidly. Sample fnformationm,
instrument parameters, and the sequence of operations
should be tabulated for ease in data reduction and
subsequent reporting of results. Figure A8 shows an
example of a data sheet used in level I asnalysis.

Figure A9 illustrates the method of scanning a full-grid opening. The
“f1el1d of view" method of counting previously included in the provisional
pethodology, which is based on randomly selected fields of view, has been
discontinued. Originally, the method was recomzended for medium loading level
on the filter (50 to 300 fibers per grid opening). BHovever, 1f samples are
collected at three different loading levels and the optimum is selected, this
wedium loading on the filter will not be used. Samples with grid openings
containing SO to 300 fibers may be used as laboratory fiber preparations or
selected source sazples, but in field samples the particulate loading is
usually of much higher concentratfon than the fiber. Filter loeding 1s
characterized by the particulate concentration, not by fiber concentration.

S. Data Reductfon and Reporting of Results

Data Reduction—

From the data sheet, size measurements are converted to microns (16,000X
screen magnification), mass of asbestos structure is calculated, and other
characterizing parameters are calculated through use of a hand calculator or
cozputer. (Appendix B, an example of a computer printout from level 1
analysis, shows reduced data--that is, what was found on the specified number
of grid openings or area exarined.) These measurements are summarized and

"related to the volume of air sarpled and the total effective filtration area
(area of deposit). Size pmeasurements of X-fibers may be doudbled and noted, or
kept as a separate category.

Fiber number concentration is calculated from the equation

Fibers/m? = Total no. of fibers
ers/m “No. of EX fields

Total effective filter area, em?
Area of an EM field, cm?

1

X Volume of air sacpled, m3

The nunmber of X-fibers, bundles, clusters, and matrfces are calculated in a
sirzilar manner. X-fibers may be included with fibers if they are few in
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puzber. Sicilarly, their corresponding mass (from their size peasurements)
may be included.

Fibter mass for each type of asbestos (chrysotile or amphibole) in the
sacple s calculated by sssuning that both chrysotiles and axphiboles have
circular cross-sections (cylindrical shape) and that the width seasurenents
are one diapeter. The density of chrysotile is sssumed to be 2.6 g/ce3, and
of acphidoles to be 3.0 g/ced. The individual mass is calculated from the
equation

Mags, yg = % x (length, yp) x (dianeter, ym)?

x (density, g/cm?) x 10 €

>

The total mass concentration of fibers for each type of asbestos is then
calculated from the total mass of all the individual fibers of that type.

The fndividual masses of bundles, clusters, and patrices are calculated
by assuzxing & lazinar or sheet-like structure vith an average thickness of the
fiber meke-up of the structure. Again, the density of chrysotile {s sssumed
to be 2.6 g/cu?, and of azphiboles to be 3.0 g/cm?s The individual masses are
calculated from the equation

Mass, yg = (length, po) x (width, yz) x (thickness, ue)
x (density, g/cm?) x 10 ©

The total mass for each type of structure for each type of asbestos is the sum
of all the individual masseBe

Other characterizing parameters of the asbestos structures are: (1)
length and width distribution of fibers, (2) aspect ratio distribution of
fibers, and (3) relationships of fibers, bundles, clusters, and matrices.

Feporting of Results— _ :

The data in their acquired and reduced formzs are reported as summarized,
or, depending on the purpose of the analysis, are further reduced to present
the interrelationships of the various characterizing parameters. Again, the
Level I methodology is & monitoring or screening technique, and its limita-
tions, such as the possibility of "false positives” and misidentification,
should be noted.

6. Quality Cootrollggality Assurance

Ssxpling procedures wvill vary depending on the type of sample, objectives
of the sampling, and tine/cost factors. The pricary goals of sarpling are to
obtain a representative sanple at the location and time of ssuwpling, and to
gaintain sample integrity. The sanpling team will have written sampling

22



~

procedures, and the field chief and/or designated individual wvill be
responsible for all record-keeping (including sample identificationm, lsbeling,
logging of data, site description, and meteorological conditfons), pre- and
post—collection checks, and continuous sample custody and sign-outs until the
sacple is delivered to the laboratory and transferred to the appropriate
quality assurance officer (QAOD). Verification of sampling times, flow rates,
equipment calibration, and taking of field blanks will be checked and recorded
in the field logbook. )

Samples are turned over to the QAO for logging into & project logbook.
Each sample is carefully examined for gross features, such as tears, breaks,
and overall condition of container. The QAO registers the ss-received sample
nunber and other designated information, and assigns & simple internal code
punber that will accozpany the sample through the preparation stage, grid
transfer, grid analysis, data reduction, and reporting of results,

<
After being logged into the project logbook, the sample is transferred to
the custody of the electron microscopy staff, where every precaution is taken
to maintain sample integrity and to prevent contamination and loss of
collected particulates. During storage and transport, the filters in thelir
respective holders are maintained i{n a horizontal position at all times,

The sample logging, handling, and storing procedures ensure that all
sarples can be readily located and identified throughout the course of a
program. The QAO has divisional responsibility for QC/QA activities, and must
see that the laboratory maintains high standards. BEe must be aware of current
standards of analysis, and must ensure that finternal quality control
standards, instrument calibration, and records of samples and completed
analyses are kept for ease of later retrieval and use.

For quality control, fnternal laboratory blanks are analyzed at least
once a week, which may or may not coincide with a sample batch blank. 1In
addition, a magnification calibration of the E¥ using a carbon grating replica
(2,160 lines per em) is performed once & week. The results are recorded in an
E¥ {nstrument log, along with other routine {nstrumental performance checks.
All photographs, TEM, SEM, and STEM images are recorded in a photo log. These
QC results are documented for fnspectfon by the QAO.
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SECTIOR 5
LEVEL 11 ARALYSIS
SUMMARY OF PROTOCOL

Level II analysis s a regulatory technique consisting of Level 1
analysis plus cherical elemental analysis. Morphology, size, SAED pattern,
and chemical analysis are obtained sequentially. By a process of elimination,
pineral fibers are identified as chrysotile, amphibole, ambiguous, or “no-
fdentity” by morphology and SAED patterm. X-ray elemental analysis is used to
categorize the amphibole fibers, identify the ambiguous fibers, and confirm or
validate chrysotile fibers.

Level II analysis {s sumzarized as follows:

(1) A koown volume of air 4s passed through a polycarbonate
pecbrane filter (pore diameter, 0.4 ym; filter diameter,
37 or 47 mz) to obtain approximately 5 to 10 yg of
particulates per cm? of filter surface.

(2) The particulate-laden filter is transported in its own
filter holder.

(3) The filter 1s carbon-toated in the holder.

(4) The particulates are transferred to an EM grid using a
refined Jaffe wick washer.

(5) The EM grid, containing the particulates, is gold-coated

(6) The PM grid is examined under low magnification (250X to
1000x) followed by high-magnification (16,000X on the
fluorescent screen) search and analysis.

(7) A known area (measured grid opening) is scanned, and the
fibrous structures (fidbers, bundles, clusters, and .
patrices) are counted, sized, and identified as to
asbestos type (chrysotile, &mphibole, ambiguous, or mo
fdentity) by morphology and by observing the SALD pattern;
and finally by elemental analysis using EDS. °

(8) The observations are recorded--a minimum of 100 fidrous
structures or 10 grid openings, whichever is first.

(9) The data are reduced and the results reported.
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BQUIPMENT, FACILITIES, AND SUPPLIES
The following items are required for level 1 analysis:

(1) A modern 100-kV TEM equipped with an EDS. A scanning
accessory as found in a STEM will increase the versatility
and analytfcal cepability for very small fibers and for
fibers adjscent to other particulate patter. The
pi{croscope should be equipped wvith the fluorescent viewing
screen inscribed with graduation of known radii to
estimate the length and width of fibrous particulates.

(2) A vacuuz evaporator with a turntadle for rotating
specimens during coating, for such uses as carbon-coating
polycarbonate filters, gold-coating EM grids, and
preparin§ carbon-coated EM grids.

(3) An EM preparation room adjacent to the room housing the
EM. This room should either be a clean-room facility, or
contain a laminar-flow class-100 clean bench to winimize
contamination duing EM grid preparatfon. Filter handling
and transfer to EM grids should be performed in a clean
atmosphere. Laboratory blanks should be prepared and
analyzed weekly to ensure Quality of work.

(4) Several refined Jaffe wick washers for dissolving menbrane
filters.

(5) Miscellaneous EM supplies and chemicals, including carbon-
coated 200-mesh copper grids, grid boxes, and chloroform.

(6) Sample collection equipment, including 37-mm-diameter or
47-mz-diameter filter holders, 0.4-ym (pore size)
polycarbonate filters, 5.0-ym (pore size) cellulose ester
pecbrene filters for back-up, a sampling pump vith
ancillary equipment, & tripod, critical orifices or flow
peters, and a rain/wind shield.

DESCRIPTIOR OF METRODOLOGY

1. Type of Sanples-—Source

This protocel is an expansion of the method originally developed for the
EPA for measuring airborne asbestos (Sazudra et al., 1977; Samudra et al.,
1978). A broad interpretation of airborne has been to apply the term to
sarples obtained from ambient air (the original purpose), aerosolized source
materfals (such as the asbestos workplace environment, and fugitive dust
ezi{ssions), bulk-air waterial (such as total suspended particulate (TSP)
sanples, dust, and powders) and any other type of sarple obtained by nonre-
strictive use of (1) collection of a volume of air, (2) eeparation from the
air, and (3) concentratfon of the particulates onto a substrate. The afirborne
protocol has also been applied to samples collected in the regulatory areas of
the EPA, as compared with, for exanmple, the workplace environment (National
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Institute of Occupational Safety and Bealth), mining activities (U.S. Bureau
of Mines), and shipboard atmosphere (Federal Maritime Adzinistration).

The present methodology has been optimized for applicatfon specifically
to sacples collected from 8 volume of air ip vhich the asbestos concentration
45 considered a minor cozponent of the total particulate loading (other analy-
tical methods are available for samples known to contain high concentrations
of asbestos); and in which the particles are less than 15 ym &n diameter,
since particles greater than 15 ym either are not {nhaled or are deposited in
the upper respiratory tract and expelled, and preferably less than 10 ym in
diaceter as recomzended by the Clean Air Scientific Advisory Committee
(Eileman, 1981), since particles up to 10 ym can be absorbed by the alveolar
region of the lung. These concentratfon and size restrictions will preclude
zmany air sazples collected in an asbestos-processing environment and in bulk-~
air material from the complete wethodology. Bowever, such samples can still
be exacined with the TEM, vithin the limitations of the instrucent by changes
in preparation techniques--provided the effects on the final results, such as
fractionatfon of size and representativeness of the sample, are carefully
considered. '

2. Ssaple Collectfoo and Transport

Sanple Collection—

Sazpling procedures vary depending on the nature of the sample, purpose
of collection, analytical pethod to be used, sacple substrate, and time and
cost of sample collection relative to the total analytical effort. Neverthe-
less, the primary objective of parple collection always {s to obtain a
representative, unbiased sample.

Izpingers, {mpaction devices, electrostatic precipitators, and thermal
precipitators have been used in sample collection, but each has limitetions.
Presently, the preferred substrates are menbrane filters, which are manufac-
tured from different polymeric paterials, including polycarbonate, mixed
esters of cellulose, polystyrene, cellulose acetate, and cellulose nitrate.
Polycarbonate mernbrane filters differ from the others {n being thin, strong,
and scooth-surfaced, and in having sieve-like construction (circular pores
from top surface to the bottom). The other merbrane filters are thicker, have
frregular-surfaces, and have depth-filter construction (tortuous paths from
top surface to bottom)e.

Consequently, polycarbonate filters have been selected for airborne
asbestos analysis. The collection of small-sized particles (prefer less than
10 yr in diameter), the light loading of particulates, the uniform distribu-
tion of particulates attainable using a depth-type backing filter, the smooth
surface and circular holes (vhich aid in deternining size and finstrument tile
axis), and the relative ezse in grid trensfer (thin and strong) pinicize
disadvantages of lack of retention and/or wovement of large particles during
hsndling. Other membrane paterisls, such as the cellulose ester type, are
recomzended for phase contrast and PLM, heavy particle loadings, and physical
retention of large particles.
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In microscopical analysis, wniformity of particulate distribution and
loading §s critical to success. Alr sanples are taken on 37-mx-diameter oOr
L7-mz~diameter, 0.4—ym (pore size) polycarbonate wenbrane filters using the
shiny, smooth side as the particle-—capture surface. Cellulose ester-type
penbrane filters (pore size, 5.0 ym) are used to support the polycarbonate
filter on the support pad (37-mom—diameter personal sanpler) or on the support
plate (47-mm~diameter holder).

Air wonitoring cassettes (37-mm-diameter) of three-plece construction are
available from several manufacturers. As with the 47-um~diameter filters,
loading the cassettes with the support pad, back-up filter, and 0.4 ym (pore
size) polycarbonate filter should be carefully performed on 8 class-100 clean
bench., Since the filters are held in place by pressure fit rather than by
screw tightening, air must not enter fron the sides of the unit; a plastic
band or tape (whiéh can double as a label) should be used as a finsal seal.

Collecting airborne samples with proper loading requires experience,
Each of the following techniques is useful in collecting airborne samples for
direct microscopy, preserving representative sizes, vithout diluting
particulate deposits: :

(1) For long-term sampling at a site, test sarples should be
returned to the laboratory by express mail service, or air
express service or by beling hand-carried, and should then
be analyzed by scanning electron microscopye

(2) The estimated particulate loading (deposit {8 barely
visible to the naked eye) should be bracketed by varying
the filtration rate and using the same time, or by varying
the time and using the same filtration rate.

(3) An automatic particle counter, such as a light-scattering
tnstruzent (0.3—m detection) or a real-time mass monitor
(0.1-ym detection), should be used to obtain an
approximate particulate-loading level of the area.

Although any one of the three techniques will work, the suggested
technique is to take the samples as a8 set, varying the sampling rates and
using the same time so &s to obtain filter samples with different particulate
loadings. Each set 1s composed of a ginimum of four 37-mm~dismeter or &47-mm-
diameter filter units--three for different particulate losdings (low, medium,
high), and the fourth for a field blank. Suggested sampling rates are O for
the field blank, 2.48 L/win for the low loading, 7.45 L/min for the mwedium,
and 17.62 L/min for the high, for a 30 min sanpling period using a &7-mm-
diapeter filter holder. Simultaneous sanpling will provide at least one
sanple with a particulate loading suitable for direct EM analysis.

TSP's range from 10 yg/m? in remote, nonurban aress, to 60 yg/m? in near-
urban areas, to 220 pg/m? in urban sreas. However, for heavily polluted
aress, TSP levels may reach 2000 yg/m3. A loading of S to 10 pg per cm? of
filter {s adequate for EM analysis; values beyond 20 to 25 ug per cmn? require
a dilution treatment. As an example, for 47-mn—diaueter filters at face
velocities of 3.0 cm/s (2.48 L/min), 9.0 cx/s (7.45 L/oin), and 21.2 cn/s
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(17.62 L/min), respectively, air volumes of 74.4 L, 223.5 L, and 528.6 L are
sacpled in 30 mio. For & TSP level of 200 yg/m3, 14.88 u£ (1.07 ug/cm?),

44.7 yg (3.23 pg/cn?), and 105.7 ug (7.63 yg/cal), respectively, would be
collected on 47-mm-diameter f11ters (wvhich would have effective filtration
areas of 13.85 cz?). The sanpling time could be increased to 60 min for areas
having lower TSP levels, or reduced in 8 heavily polluted area (source
exissions).

Airborne sacples from exission sources contain coarse particles (adbove
the respirabdle pize) of large matrix structures, binder paterials, road dust,
clay minerals, fi1lers, and other materials. For these sanples, a fifth
filter unit can be added that has 8 size-selective inlet (cyclone, {mpactor,
or elutriator) attached prior to the filter unit., The flow pattern and flow
rates of the tandex sanpling arrangement pust be checked before use. A
satisfactory, tested copbination presently used in California is a cyclone~-
£ilter unit with a Dgg cut-off of 2.5 ym at 21.7 L/min, and & Dsg cut-off of
3,5 yo at 15.4 L/ein (John and Reischl, 1980). Additional sampling devices,
such as impingers (used in biological sanpling), impactors, and other
designated filter units (for TSP, XRD, or x-ray fluorescence (XRF), for
exazple) can be added to the system to obtain supplementary &s well as inter-
related data.

This expandable pultifilter sampling unit, designated Eydra, offers the
following advantages: '

(1) It is small, {nexpensive, and compact, 80 that an adult
can easily handle it.

(2) 1t is efficiently designed, and $ncludes a tripod,
sanpling puep, manifold, critical orifices, and a Tow of
preloaded 37-om—diameter or 47-om—diameter filter
bolders. A rain/wind ghield, size-selective cyclone=
filter units, tubing, and other extras can be 8dded as
peeded.

(3) 1Its sacple preparation steps and handling are pinimized.

(4) It allows conplementary 8s well as supplementary analysis
(1sp, size fractionation, bacteria, and XRF, for example),
although additfonal air sampling capacity is required.

(5) 1t accommodates azbient air and source exission samples,
with or without & size-selective inlet. )

(6) 1t allows synchronous saxpling in geveral places in the
vicinity following the sace sampling procedure, thereby
sccommodating particulate concentration fluctuationss

(7) It includes f{lter holders that serve 26 transport and
storage units.

Hydra's disadvantages are a short sampling perfod, wvhich may catch an episode;
a szall sampling quantity or volume, which way not {ndicate the presence of
asbestos fibers; and a detection 1{mit of 2 x 10% fibers/m? for sawpling 1 nd
of air with the 47-mm—diameter filter.
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Using 8 inch x 10 dnch, or 102-me—diameter filter sizes, is not recom-
mpended. The sampling units are designed for purposes other than microscopy.
Interchanging the type of sample substrate filter (glass fidber or paper to
polycarbonate) does mot correct the fnherent prodlems of filter size and
sanpling unit.

Ssaple Storage and Transport— )

Once the sample is acquired, its integrity must be assured, and contami-
nation and loss of fibers prevented, until it 1s examined under the EM. The
low cost and szall size of the 37-mm-diameter and 47-mn—diameter filter
holders enables them to be used as conbination storage and transport con=
tainers. The filter holders should be maintained in a hor{zontal position
during storage and transport to the laboratory so that the particulate-loaded
filters can be removed under optimally controlled conditions in the labora-
tory.

. *

For 47-mm—diameter holders (open-face) to be used in transport or
storage, the screw cap 1s carefully removed, and the shiny, waxy, stiff
separator paper used to keep the polycarbonate filters apart is carefully
placed on the retaining ring. The cap is then carefully screved back on so
that the separator paper seals and protects the particulate-loaded filter
without touching {t. The 37-um-diameter, three-piece filter holder (serosol
ponitor) is used in its open-face position, and capped after usage for
transport and storage.

When the more expensive 47-um-diameter holder is to be reused {mmedi-
ately, the particulate-loaded filter should be carefully removed and placed in
a 47-mz—diaceter Petri-slide (such as that manufactured by the Millipore
Corp.%). This transfer takes place in the field rather than in the labora-
tory, so that the Petri-slide should be taken into the field. The 37-mm-
dtazeter filter holder or the 47-mm-diameter holder/Petri-slide should be
secured and all necessary sacple fdentificatfon rarks and symbols applied to
the holder.

3. Ssaaple Preparation for Analysis-—Grid Transfer

Carbon-Coating tbe Filter— .

The polycarbonate filter, with the gample deposit and suitadble blanks,
should be coated with carbon as soon as possible after sanpling is
conpleted. To begin this procedure, the particulate-loaded 47-um~diaceter
polycarbonate filter Is removed from the holder and transferred carefully to
an open-faced 47-um—diaseter Petri-slide for carbon-coating in the vacuum
evaporator (see Figure Al, Appendix A). If the 47-nn—diameter filter is
already i{n the Petri-slide, the cover 18 replaced with an open-face cover,
minfmizing filter disruption. The 37-mm-diameter filter fs left in the
holder, but the upper 1id s removed to creste an open-faced filter. The
open-faced holders are placed on the rotating turntable in the vacuum
evaporator for carbon-coating. Figure A2 shows the multiple-coating

% M{llipore Corp., BO-T Ashby Rd., Bedford, Mass. 01730
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arrangement in the evaporator; FPigure A3 shows a close-up of the 37-mm-
dispeter and the modified A7-mm-diameter holders for carbon-coatinge.

For srchival filters and those of larger sizes, portions of about 2.5 em
x 2.5 cz should be cut midway between the center and edge using a scalpel.
The portions are then attached with cellophane tape to & clean glass
picroscope slide and placed on the turntable in the vacuum evaporator for
coating.

Any high-vacuum carbon evaporator may be used to carbon-coat the filters
(CAUTION: carbon sputtering devices should not be used). Typically, the
electrodes are adjusted to & height of 10 cm above the level of the filters.

A spectrographically pure carbon electrode sharpened to a neck of 0.1 em x
0.5 cm is used as the evaporating electrode. The sharpened electrode is
placed in’its spring-loaded holder so that the neck rests against the flat
surface of a second carbon electrode.

The manufacturer's fnstructions should be folloved to obtain & vacuum of
about 1.33 x 1073 Ps (1 x 1075 torr) 4n the bell jar of the evaporator. With
the turntable in motion, the neck of the carbon electrode is evaporated by
{fncreasing the electrode current to about 15 A 4n 10 s, followed by 20 to 25 A
for 25 to 30 s. If the turntadle is not used during carbon evaporation, the
particulate matter may not be coated from all sides, resulting in an undesir-
able shadowing effect. The evaporation should proceed in & ser{es of short
bursts until the neck of the electrode is consuped. Continuous prolonged
evaporation should be avoided, since overheating and conseguent degradation of
the polycarbonate filter may occur, inpeding the subsequent step of dissolving
the filter. The evaporation process may be observed by viewing the arc
through welders goggles (CAUTION: mever look at the arc without appropriate
eye protection). Preliminary calculations show that a carbon meck of 5 mm3
volupe, when evaporated over 8 spherical surface 10 cm in radius, will yield a
carbon layer that 4s 40 nm thick.

Following carbon-coating, the vacuum chanber is slowly returned to
acbient pressure, and the filters are removed and placed in their respective
holders or in clean, rarked Petri dishes for storage on a clean bench.

Transfer of tbe Sezuple to the EX Grid—

Transferring the collected particulates from the carbon-coated polycar-
bonate filter to an B grid is accomplished in a clean room or on a class-100
clean bench. The transfer is made in a Jaffe wick washer, which 1s usually a
glass Petri dish containing a gubstrate to support the FY grid/carbon—coated
pezbrane filter cocbination. Solvent 1s added to & level to just wet the
corbination and cause gentle dissolutfon of the penbrane with winimum loss or
dislocation of the particulates, resulting in a menbrane-free EM grid with
particles embedded in the carbon film coating. The substrate support can be
stainless steel wesh bridges, filter papers, uvrethane foams, or combinations
of these.
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The refined Jaffe wick washer §s descrided as follows:

(1) The glass Petri dish (diameter, 10 cm; height, 1.5 cm) 4s
made airtight by grinding the top edge of the bottom dish
vith the bottom of the cover dish, with water and
Carborundunt powder (80 mesh); this crestes a ground-
glass seal (closer fit) and minimizes the need to refill
the Petri dish with added solvent. (The usual glass
Petrd dish was found not to retain the solvent for long
periods of time, and unless the wicking substrate is kept
continuously wet, poor solubility of the membrane filter
results, leading to a poor-quality EM grid).

(2), A combination of foam and a single sheet of 9—cm filter
paper s used as the substrate support. A 3-ctnx 3-cnx
0.6—cr plece of polyurethane foam (the packing in
Polaroid film boxes) is cut and placed i{n the bottom
dish. A 0.5-inch V-shaped notch is cut into the filter
paper; the notch is orfented in line with the side of the
foam, creating a well for adding solvent.
Spectrographic-grade chloroform (solvent) is poured into
the Petri dish through the notch until it is level with
the top of the foam (also level with the paper)s The
foam will svell, and care s needed to avoid adding
solvent above the filter paper.

(3) On top of the filter paper, pieces of 100-mesh stainless
steel screen (0.6 cm x 0.6 cm) are placed, usually in two
rovs, to make several grid transfers at one time (for
such uses as replicas), and to facilitate maintenance of
proper identity of each transfer.

(4) A 3-oz section (usually midway between the center and
edge) of the carbon-coated polycarbonate filter f8 cut in
a rocking motion with a scalpel. The section may be a
square, rectangle, or triangle, and should just cover the
3-om EM grid.

(5) A sectfon is laid carbon-side down on & 200-wesh carbon-
coated EM grid. (Alternatively, Formvar—coatedt! grids or
uncoated ¥ grids may be used. Bere, the carbon coating
on the polycarbonate filter forms the grid substrate.)
Minor overlap or underlap of the grid by the filter
section can be tolerated, since only the central 2-mm
portion of the grid fs scanned in the microscope. The EM
grid and filter comdination is picked up at the edges
with the tweezers and carefully laid on the damp 100-mesh

* Carborundum 48 a registered trademark of the Carborundum Co., Carborundum
Center, Kiagara Falls, N.Y. 14302,

t Formvar is a registered trademark of the HMonsanto Company, 800 N. Linddbergh
Blvd., St. louis, Mo.
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stainless steel screen. The M grid-filter combination
will iomediately “wet out” and remain on the screen.

(6) Once all specimens are placed in the washer, more solvent
4s carefully added through the potch to maintain the
1iquid level s0 that 4t just touches the top of the paper
f{lter. Raising the solvent Jevel any higher may float
the EM grid off the pesh or displace the polycarbonate
filter section.

(7) The cover is placed in the washer and oriented in place
over the specimen, and a map of the filter/grid/screen
srrangement is pade on the glass cover and in the
logbooke.

(8): Solvent (chloroform) i sdded periodically to paintain
the level within the washer until the filter is
completely dissolved by the wicking action (24 to 48 h).

(9) The temperature 4n the room must remain relatively
constant to minimize condensatfon of sclvent on the
bottom of the cover and subsequent falling of solvent
drops on the EM grid. Should day-night or other
temperature differentials occur, solvent condensation on
the under-surface of the cover can be minimized by
placing the Jaffe washer at a slight tilt (three glass
slides under one edge of the Petri dish parallel to the
row of grids) to allow the condensation drops to flow
toward the lower edge rather than fall on the EM grids.
At temperatures lower than 20°C (68°F), the complete
filter solution may take longer than 72 h.

(10) After the polymer 1is completely dissolved, the stainless
steel mesh screen with the EM grid is picked up while wet
and set on lens paper tacked to the bottom of a separate
Petri dish. The EM grid is then lifted from and placed
pext to the screen to dry. When all traces of solvent
have evaporated, the grid is stored 4n a grid box and
{dentified by location and grid box in the logbook.

Figure A4 illustrates the Jaffe wick washer pethod; Figure AS shows the
washer. The foam/filter conbination is currently preferred, as is use of a
closely fitted (by weans of the ground-glass seal) Petri dish.

Gold Costing—

An additional step will aid in subjectively evaluating the SAED patterme.
This step 18 required for specimens from the upper Great Lakes area and for
thoece of unknown origins. After the particulates on the filter are trans-
ferred to the E¥ grid, the grid is held to 8 glass slide with double-stick
tape for gold-coating {n the vacuum evaporatoTe Several EM grids may be taped
to the glass slide vith double-stick tape for gold—coating {n the vacuum evap-
orator. For comparison, one-half of the EM grids may be coated and the other
one-half not coated; recognition of the gold~coating {8 helpful in searching
and x-ray analysise. Several E¥ grids may be taped to the glass slide for
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coating at one time. Approximately 10 mm of 0.015-cm-diameter (0.006-1nch)
pure gold wire s placed fn a tungsten basket (10 cm from the rotating table
holding the EM grids) and evaporated onto the grid.

The thin gold—coating establishes an internal standard for SAED analysis.
For some mineral species, an internal standard will clarify visual identifi-
cation of the pattern of a fibrous particulate as being or not being an
azphibole species (for example, minnesotaite as opposed to anmosite). With
experience, differentiatfion in SAED patterns can be odserved. For samples of
known geographic origins, gold-coating 1s optional, since the additional

coating hinders observation and identification of small-d{ameter chrysotile
fibers. ~

4, TEX Fxamination and Deta Collectiom

Figure A0 shows a modern TEM with capabilities for elemental analysis
vith an EDS. The grid is observed in the TEM at magnifications of 250X and
1000X to determine its suitability for detailed study at higher magnifica-
tion. The grid is rejected and a new grid used if: (1) the carbon film over
a wajority of the grid openings {s damaged and not intact; (2) the specimen is
dark due to incomplete dissolution of the polycarbonate filter; or (3) the
particulate loading is too light (unless a blank) or too heavy with particle-
particle interactions or overlaps.

YEX Analysis (¥orpbology, SAED, snd X-Kay Analysis)—
The following guidelines are observed for consistency in the snalytical
protocol: ‘

(1) Magnification at the fluorescent screen i{s determined by
calibration with a diffraction—grating replica in the
specimen holder.

(2) A field of view or "gate” is defined. On some
ricroscopes, the central rectangular portion of the
fluorescent screen, which is 1ifted for photographic
purposes, is convenient to use. On others, a scribed
circle or the entire efrcular screen msy be used as the
fie1d of view. The area of the field of view must be
accurately measurable.

(3) The grid opening 1s selected on a random basis.

(4) The analysis, wmorphology, and SAED are performed at a
tilt angle of 0%

(5) The recommended instrument settings are: accelerating
voltage, 100 kV; beam current, 100 pA; film magnifi-
cation, 20,000X (which is equivalent to 16,000X on the
fluorescent screen for this fnstrument); and concentrie
circles of radit 1, 2, 3, and 4 cm on the fluorescent
ecreens.
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(6)

&)

(&)

The grid opening is measured at low magnification (about
1000X).

Since asbestos fibers are found i{solated as well as with
each other or with other particles in varying arrange=
pents, the fibrous particulates are characterized as
asbestos structures:

Fiver (F) is a particle with an aspect ratio of 3:1 or

greater with substantially parallel sides.

Bundle (B) is a particulate conposed of fibers in a

parallel arrangement, with each fiber closer than the

diameter of one fiber.

Cluster (C1) is a particulate with fibers in a random

arrangement such that all fibers are intermixed and no
single fiber {s isolated from the group.

Matrix is & fiber or fibers with one end free and the

other end embedded or hidden by & particulate,

- Corbinations of structures, such as patrix and cluster,

patrix and bundle, or bundle and cluster, are categorized
by the dominant fiber quality-——cluster, bundle, and
matrix.

Counting rules for single fibers, which are illustrated
in Figure A7 are as follows:

(a) Particulates meeting the definition of fiber are
{solated by themselves., With this definition, edge
view of flakes, fragments from cleavage planes, and
scrolls, for example, may be counted as fibers.

(b) Count as single entfties if separation is equal to
or greater than the diameter of a single fiber.

(c) Count as single entities if three ends can be seen.
(d) Count as single entitfes if four ends can be seen.

(e) In general, fibers that touch or cross are counted
separately.

(£) Two or more fibers are counted as a bundle 1f the.
distances between fibers are less than the diameter
of a single fiber, or if the ends cannot be
resolved.

(g) Fibrils attached longitudinally to a fiber are
counted as part of the fiber and the size (width) is
estizated based on the fiber-to-fibril relationship. -
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(9)

(10)

(h)

A fider partially hidden by grid wires (one or two
sides of the grid opening) is counted, but ladbeled
as an X-fiber (X-F) 4n the structure column. If the
punber of X-fibers is high enough to affect the size
distribution (mass, etc.), & large-mesh E¥ grid
should be used, such as 100 mesh (about 200 ym
"idﬁ)o

Sizing rules for asbestos structures are:

(a)

(b)

(c)

For fibers, widths and lengths are obtained by
orienting the fibers to the inscribed circles on the
fluorescent screen. Since estimates are within
4] g, small-diameter fibers have greater margins of

error. Fibers less than 1 mm at the fluorescent

screen pagnification level are characterized as
befhg 1 mm. A cylindrical shape 1s assumed for
fibers. X-fibers are sized by measuring their
entire visible portions in the grid opening.

Bundles and clusters are sized by estimating their
widths and lengths., The sum of individual di{ameters
15 used to obtain the total width, and an average
length for the total length. A laminar-sheet shape
is assumed, with the average diameter of the
{ndi{vidual fiber as the thickness.

Matrices are sized by adding the best estimates of
indi{vidual fiber components., A laminar or sheet
structure i{s assumed for volume calculation.

The method of sizing is as follows:

(a)

(b)

(c)

(d)

An asbestos structure is recognized, and 1its
location in the rectangular “gate™ relative to the
sides, fnscribed circles, and other particulates 1is
memorized.

The structure is moved to the center for SAED
observation and eizing.

Sizing 1s performed using the inscrived circles. 1f
the structure, such as a fiber, extends beyond the
rectangular gate (field of view), it is superimposed
across the series of concentric circles (several
times, if necessary) until the entire structure is
measured,

The structure is returned to {ts original location
by recall of the location, and scanning is
continued,
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Analytical Procedure—
The analytical procedure is as follows:

1
(2)
(3

(4)

(5)

(6)

@)

EM grid quality 1s assessed at 250X.
particulate loading is sssessed st 1000X.

A grid opening s selected st random, examined at 1000x,
and sized.

A series of parallel traverses is made across the grid
opening st the film magnification of 20,000X. Starting
at one corner, and using the tilting section of the
fluorescent screen a8 & “gate” or “chute,” the grid
opening is traversed. Movement through the “gate™ is mot
continuous, but rather is a stop/go motion. On reaching
the end of one traverse, the image is moved the width of
one “gate,” and the traverse {s reversed. These parallel
traverses are made until the entire grid opening has been
scanned.

Asbestos structures are 4dentiffed morphologically and
counted as they enter the “gate,”

The asbestos structure is categorized as fiber (vith or
without X-) bundle, cluster, or patrix, and sfzed through
use of the inscribed circles.

The structure (individual fiber portion) is centered and
focused, and the SAED pattern {8 obtained through use of
the field-limiting aperture.

(a) SAED patterns from single fibers of asbestos
pinerals fall Into distinct groups. The chrysotile
asbestos pattern has characteristic streaks on layer
1ines other than the central l1ine, and some
stresking also on the central line. Spots of normal
sharpness are present on the centrsl layer line and
on alternate lines (that is, 2nd, 4th etc.) The
repeat distance between layer lines is about 0.53 nm.

(b) Arcphibole asbestos fiber patterns show layer lines
formed by very closely spaced dots, and have repest
distances between layer lines also of about 0.53 nm.
Streaking in layer lines is occasionally present due
to crystal structure defects.

(c) Transxzission electron rmicrographs and SAED patterns
obtained with asbestos standard sscples should be
used as guides to fiber fdentification. An example
4s the "Asbestos Fiber Atlas” (Mueller et al.,

.1975). '
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(8) From visual examination of the SAED pattern, the struc~-
ture {s classified a5 belonging to one of four cate-
gories: (1) chrysotile, (2) amphibole group (includes
amosite, crocidolfte, anthophyllite, tremolite, snd
actinolite), (3) axbdiguous (incomplete spot patterns), oT
(4) no S$dentification. SAED patterns cannot be {nspected
for some fibers. Reasons for the absence of a recog-
nizable diffraction pattern fnclude contamination of the
fiber, interference from nearby particles, fibers that
are too small or too thick, and nonsuitable orientation

+ of the fiber. Some chrysotile fibers are destroyed in
the electron beam, resulting in patterns that fade away
within seconds of being formed. Some patterns are very
faint and can be seen only under the binoculer micro-
scope. In general, the shortest available camera length
pust betused, and the objective lens current may need to
de adjusted to give optimum pattern visibility for
correct identification. A 20—cm camera length and a 10X
binocular are recomsended for fnspecting the SAED pattern
on the tilted screen.

(9) The specimen holder {s tilted for optimum x-ray detection
(40° tilt for the JEOL* JOOC {nstrument's Tracor
Northernt NS 880 analyzer and Kevex? detector). The
categorized asbestos structure is maintained in its
centered positfion for x-ray analysis by means of the 2-
control.

(10) The spot size of the electron beam {s reduced and
stigrated to overlap the fiber. As an option for STEM
{nstruments, the electron beam may be used in the spot
mode and the x-ray analysis performed on 8 small area of
the structure.

(11) The EDS 48 used to obtain a spectrum of the x-rays
geoerated by the asbestos structure. '

(12) The profile of the spectrum is compared with profiles
obtained from asbestos standards; the best (closest)
match identifies sad categorizes the structure. The
fmage of the spectrum may be photographed, or the peak
heights (Na, Mg, Si, Ca, Fe) recorded for norwalizing at
a later time. No background spectra or constant acquisi-
tfon time is required since the shape of the spectrum
(profile) is the criteria. Acquisition of x-ray counts
pay be to a constant time; to a constant peak height for
a selected element, such as silfcon (1.74 keV); or just

* JEOL (U.S.A.) Inc., 11 Dearborn Rosd, Peabody, Mass. 01960
t Tracor Northern Inc., 2551-T.W. Beltway Bwy., Middleton, Wis. 53562
* Revex Corp., Chess Dr., Foster City;iCalif. 94404
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long enough to get an sdequate idea of the profile of the
spectra, and then aborted., Figure All illustrates
spectra obtained from various ssbestos standards and used
ss referenced profiles.

(13) The speciwmen holder ‘is returned to 0° tilt to exanine
other asbestos structures.

(14) Scanning is continued until all structures are
{dentified, measured, sanalyzed, and categorized in the
grid openinge.

(15) Additional grid openings are selected, scanned, and
counted until either the total number of structures
counted exceeds 100 per known area, or a minimum of 10

»grid openings has been scanned, whichever is first.

(16) The TEM data should be recorded in a systematic form s0
that they can be processed rapidly. Sarple information,
{nstrument parameters, and the sequence of operations
should be tabulated for ease in data reduction and
subsequent reporting of results. Figure Al2 shows an
exanple of a data sheet used in Level II analysis.

Figure A9 {llustrates the wethod of scanning & full-grid opening. The
“field of view" method of counting, which is based on randomly selected fields
of view, has been d{scontinued. Originally, the pethod was recomzended for
pedium loading level on the filter (50 to 300 fibers per grid opening). How-
ever, 1f sazples are collected at three different loading levels and the opti-
puz is selected, this medium loading on the filter will not be used. Saomples
with grid openings containing 50 to 300 fibers may be used as laboratory fiber
preparations or gelected source sarples, but in field samples, the particulate
loading 48 usually of puch higher concentration than the fiber. Filter load-
ing is characterized by particulate concentration, not by fiber concentration.

EDS is relatively time-consuming, and becomes redundant if used as
repetitive analysis for a confirmatory check on chrysotile fibers. Chrysotile
{dentity by morphology and visual SAED analysis {8 not as controversial as
azphibole identification and categorization.

The following rules are recomsended for EDS analysis (Level 1I):
(1) For chrysotile structure gdentification, the first five’

are apalyzed by EDS, then one out of every 10.

(2) For axphibole structure {dentification, the first 10 are
analyzed by EDS, then one out of every 10.

(3) For amphibole structure identification and categorization,
all confirmed amphiboles are analyzed by EDS.

(4) For ambiguous structure 4dentification and categorizationm,
all are analyzed by EDS.
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Energy dispersive x-ray snalysis as used in asbestos snalysis 1s
seziquantitative at best. X-ray analyzer manufacturers may claiz quantitative
results based on calibration standards and sophisticated computer softwvare,
but such clajms are based on stoichiometric materfials and extension of work
vith XRF {nstrumentstion. Asbestos has & varying elemental composition. The
electron bear in an EY is of varying size, and not all {nstruzents are
equipped to measure the beam current hitting the specizen. The size of the
gpeciven has an effect on the x-ray output, and nearby materfals may fluoresce
and add to the overall x-ray signals being generated. Moreover, specimen
tilting results in a loss of x-ray scquisitfon from particles hidden by grid
wires or by other garticles.

The only consistency in x-ray analysis s that the Intensity of the
output, wighin restrictions, {s proportional to the mass, therefore providing
the sexfquantitative analytfcal possibility. Asbestos pinerals have been
found to have a characteristic profile, although not an exact duplicate of
each other. For exazple, the Mg:S{ ratio of chrysotile may vary from $:10 to
10:10, averaging about 7:10. The ratio can be used to confirm the morphology
and visual SAED analysis.

Table ] 4llustrates the phenomena of varfability with resezblance for
some of the amphibole fibers. Peak heights and profile measurements were
taken.

To aid in the visual perspective of the spectrum profile, the peak
heights were pnormalized to a silicon value of 10, resulting in a five-number
series that is relatively easy to visualize--as in the following examples:

chrysotile ~ 0-7-10-0-0
tremolite ~ 0-4-10-3-<1
crocidolite ~ 1-1-10-0-6
anthophyllite ~ 0-3-10-0-1
amosite ~ 0-2-10-0-7

These relationships are approxicate, since chrysotile can vary from 0-5-10-0-0
to 0-10-10-0-0. Bowever, for the others, the varfation is only about one
point, such that the profile (shape) of the five elements (Na, Mg, Si, Ca, Fe)
{8 recognizadle. .

S. Doata Esduction end Baporting of Ecsults

Data Peduction— '

From the data sheet, size mecasurewents are converted to wicrons (16,000X
screen pagnification), nass of ssbestos structure s calculated, and other
character{zing parameters are calculated through use of 8 hand calculator or
computer, (Appendix C, an example of a computer printout fror level 11
analysis, shows reduced data--that $s, what was found on the epecified number
of grid openings or area exsxined.) These meassurepents are gpunmzarized and
related to the volume of air sampled and the total effective filtration area
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TABLE 1. PROFILE COMPARISON OF ASBESTOS STARDARDS

Asbestos Type Size, ¥ | 1] " | 13 Cs Pe Profile
amosite (CP-38A) 0.19 x 1.44 (stigeate) 182 497 6 0~b=10=0=R
0.19 = 0.75 (sTE) 186 920 387 0~bk-10=-0=-7
0.19 5 1,23 18] 382 209 0-5-10-0-8
0.19 x 0.88 (100 &) 226 870 30 0-3-30=D=R
0.25 = 1.81 (100 o) sy6 4207 3338 0-1-10=0=A
0.12 x 1.56 253 2049 1515 0-1-10=0=7
0.3 = 2.38 256 17 1613 0-1-10-0-8
0.19 x 1.56 276 1696 116 0-2-10=0-7
Rapest 477 2948 1959 0-2-10-0-7
»
Anthophyllste (AP—45)  0.56 = 2.38 (stigeate) 63 M 71 0-2-10-0=1
0.31 = 2.38 (stiguate) 640 1670 n 0-4-10-0-0
0.31 x 5.19 (stigeate) 1066 610 466 0-3-10-0-1
0.19 x 1.5 (stigaste) 507 191 309 0-2-10-0-1
0.19 x 1.88 (stignste) 787 2286 237 0-3-10-0-1
Crocidelste (C1-37) 0.19 x 0.8]1 (stigeate) 1Y 100 88S sn) 2-1-10-0-6
0.06 = 0.50 (stigmste) 28 28 205 115 1-1-10-0=6
0.06 x 0.65 (stiguate) 3 3 1m L 1 2-2-10-0=6
0.12 3 1.00 (stigmate) & $3 379 204 1-1-10-0-5
' Repest (sTD) 7 66 612 ” 1-1-10-0-5
0.12 x 0.62 (sriguste) 86 65 479 260 1-1-10-0-9
0.12  1.12 (stigmate) 53 86 326 166 2-2-10-0-%
0.19 x 1.36 (stignate) 78 83 738 42} 1=1=10=-0-6
0.06 x 1.69 (etiguate) '} AR 290 159 2-2-10-0=6
Repest (sTEM) 7 '3 892 3 1-1-10-0-5
Repent (sTEY) L1} 42 m 237 1-1-10-0-6
Repest (sTZM) 16 22 166 104 1-1-10-0-6
Tremolite (1-79) 0.38 x 2.19 (stigmate) 138 368 [ X] 0-4-10-2-0
0.38 z 2.19 (spot) 114 327 8n 0-4=10=2=N
0.25 x 1.75 (atigmate) 80 1LY 65 0-4-10-3<0
0.25 = 1.75 (spot) L} 252 62 . 0-4-10-2-0
Repest (stigmate) 70 1) S 0-3-10-2-0
(5TT+100 #) 376 1118 245 1-3-10-2=0
(sTI™-100 ) 138 364 7”2 6-4-10=-2-0
(57100 8) 1454 4RID 1238 0-3-10-3=0
(sTI™-100 8) 64 19 1] 0-3-10-2-0
($TEM-100 8) 10712 M pA2 0-3-10-3=N"
(STLM-40 8) 13 13 b)) 0-4-]10e2=0
(STEM-40 8) 123 ) L 13 0-3-10-3=0
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(area of deposit). Size measurements of X-fibers may be doubled and noted, or
kept 85 8 separate category.

Fiber number concentration is calculated from the equation

Total no. of fiders

b
Fibers/m? = O ==or"pi fields

Totsl effective filter area, cem?
Area of an EM field, eml

1
X Volume of air sampled, m3

The number of X-fibers, bundles, clusters, and natrices are calculated 4n a
sipilar manner. X-fibers may be fncluded with fibers if they are few in
pumber., Similarly, their corresponding mass (from their size measurenents)
pay be included.

Fiber mass for each type of asbestos (chrysotile or amphibole) in the
sacple 48 calculated by assuming that both chrysotiles and amphiboles have
circular cross-sections (cylindrical shape) and that the width measurements
are one diameter. The density of chrysotile is assumed to be 2.6 g/cm3, and
of aczphiboles to be 3.0 g/cm®. The individual mass 1is calculated from the
equation

Mess, yg = -%-x (length, ym) x (diameter, ym)2

x (density, g/cm?) x 10 6

The total mass concentration of fibers for each type of asbestos is then
calculated from the total mass of all the individual fibers of that type.

The individual masses of bundles, clusters, and matrices are calculated
by assuming a laminar or sheet-like structure with an average thickness of the
fiber make-up of the structure. Again, the density of chrysotile 1s assumed
to be 2.6 g/cm?, and of amphiboles to be 3.0 g/cm3., The individual masses are
calculated from the equation

Mass, yg = (length, ym) x (width, ym) x (thickness, pm)
x (density, g/cm3) x 10 6 -

The total mass for each type of structure for each type of asbestos &8s the sum
of all the individual wmasses. ‘
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Other characterizing parameters of the asbestos structures are: (1)
length and wvidth distribution of fibers, (2) aspect rstio distridbution of
gibers, and (3) relationships of fibers, dundles, clusters, and matrices.

Reporting of Eesulte—

The data and thelr subsequent reduction are reported as gunmarized, or
can be further reduced to present the interrelationships of the various
characterizing parameters. Figure Al3 is an exanple of the EM data report;
Figure Al4 is an exanple of the sanple summary Teporte

The methodology can establish the limits of identity for unknown sanmples,
act as a QC/QA method for Level I analysis, and satisfy most of the
4dentification criteria for asbestos.

6. Quality Cootrol/Quality Assurance

Sa=pling procedures will vary depending on the type of saxple, objectives
of the sampling, and tize/cost factors. The primary goals of sampling are to
obtain a representative sacple at the jocation and time of sazpling, and to
gaintain sacple integrity. The sacpling teaxz will have written sampling
procedures, and the field chief and/or designated {ndividual will be respon-
sible for all record-keeping (including sanple {dentification, ladbeling,
logging of data, site description, and weteorological condftions), pre- and
post-collection checks, and continuous saxple custody and sign-outs until the
sazple 18 delivered to the laboratory and transferred to the appropriate
quality assurance officer (QAO). Verification of sarpling timzes, flow rates,
equipment calibration, and taking of field blanks will be checked and recorded
{n the field logbook.

Samples are turned over to the QAO for logging into & project logbook.
Each sacple is carefully exanzined for gross features, such as tears, breaks,
and overall condition of container. The QAO registers the as-received sample
punber and other designated {nformation, and assigns & simple {nternal code
puczber that will accocpany the sazple through the preparation stage, grid
transfer, grid analycis, data reduction, and reporting of results.

After being logged into the project logbook, the sacple is transferred to
the custody of the electron picroscopy staff, where every precaution is taken
to maintain sacple {ntegrity and to prevent contarination and loss of
collected particulates. puring storage and transport, the filters {n their
respective holders are gaintained 4n 8 horfzontal positfon at all times.

The sample logging, handling, and storing procedures ensure that all
sazples can be readily located and identified throughout the course of a
program. The QAO has divisfonal responsibility for QC/QA activities, and must
gee that the laboratory paintains high standards. BHe pust be aware of current
standards of esnalysis, and must ensure that internal quality control
standards, instrupent calibration, and records of ssmples and completed
analyses are kept for ease of later retrieval and use.
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For quality control, internal laboratory blanks are analyzed at least
once 8 veek, which may or may not coincide with a sample batch blank, In
addition, a magnification calibration of the EM using a carbon grating replica
(2,160 lines per mm) is performed once a wveek. The results are recorded in an
EM instrument log, along with other routine {nstrumental performance checks.
All photographs, TEM, SEM, and STEM images are recorded in a photo log. These
QC results are documented for inspection by the QAO.
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SECTIOR 6
LZVEL 111 ASBESTOS ARALYSIS
DISCUSSION OF PROTOCOL

The Level 111 protocol is an extension of the level II analysis proce-
dures described in Section 5. This extension may be necessitated by the need
for positive {dentification of the specific acphibole species in s{tuations
where (1) fundamengal disagreements between parties involved in a Jitigation
require further clarification; (2) for 4dentification purposes, e.g., 86
csusative agents in medical diagnosis or studies; (3) for quality control of
Level 11 analysis in special situstions, and/or; (4) for source sacples
whether as bulk material or bulk-air type where a legal judgment is antici-
pated. _ :

Since an SAED pattern may be considered as a signature of the crystal
etructure of the diffracting crystal (mineral fiber or particulate), the
gineral giving the pattern can be identified by comparison of peasured and
standard sets of d-spscings and interplanar angles () from SAED patterns
obtained in near-exact zone axis orfentations. Such {dentification, however,
zay not be absolute without the provision of SAED patterns from more than one
zone-axis orfentation.

The Level 11I analysis 1s an objective, confirmatory-type analysis and
consists of level 37 analysis plus quantitative SAED analysis from two
different near-exac: zone-axis orientations on a selected number of fibers
{dentified for detailed SAED analysis during the course of Level Il analysis.

The Level 111 analytical procedure consists of locating the selected
fibers contained in gold-coated grid openings (for intermsl calibration);
photographing the fibers under bright-feld {1lumination; obtaining (by
tilting) and recording two zone-axis SAED patterns from each gelected fidber;
and obtaining (recording and photographing) representative EDS spectra from
the subject fiber. .

The present Level III protocol is based on the following guidelines:

(1) MHaintenance of procedural continuity so that results of
Level 11 analytical effort will aid in conducting the level
111 effort.

(2) Since detailed SAED analysis on all the fibers mcasured in
Level 1I analysis is not possible due to tice and cost
restraints, & selection criterfon is needed to essure
representative analyses.
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(4)

(5)

6

(N

¢:))

The prisary ecphasis in Level II1 analysis &s on the
positive identification of the amphibole type.

The present protocol is desfgned to allow greater flexibil-
1ty and freedom of decision for the wicroscopist in deter-
pining the selection criterfa since, due to practical
constraints (position, orientation, contamination, etc.),
all fibrous particulates may not be suitable for detailed
SAED worke.

It {s recommended that approximately 20% (at least 102) of
the fibers examined in Level II analysis be selected for
Level II1 SAED analysis. Fibers which would be classified
as "amphiboles™ or “ambiguous”™ in level 11 analysi{s should
be more often fncluded for Level III analysis as compared
to those fibers which could be readily identified as "not

-asbestos.” In cases where the majority of the fibers in
"Level II belong to 8 single, easily-identifiable species

(e.g., chrysotile), fibers that are different should be
more often selected for detailed Level 1II analysis. This
flexibility in selectfon eriteria will paxinize the gain
(peaningful information) from Level 111 effort beyond what
would be achieved from the analysis of 10-20% randomly
selected fibrous particulates.

The ‘electron microscope grids used in Level III analysis
(also level II 1f level III s anticipated) should be
finder grids so that location of fibers examined could be
referenced for quantitative SAED and for future re-
checking.

Level III analysis should always be conducted by or under
the close supervision of a professional electron micro-
scopist knowledgeable in crystallography, SAED analysis,
mineralogy, plus Level I and Level 11 asbestos analyses.
1f such expertise is not available in-house, an outside
consultant should be retained.

1f enforcement proceedings and possible legal involvement
way be part of the analytical procedure, the sample collec~
tion procedure entails additional record-keeping to '
paintain sarple {ntegrity. The fleld crev chief or a
designated fndividual initfstes, {n addition to normal
QC/QA activities, a chain-of~custody record. The sample is
collected by the field team or by a representative of the
adversary party in the presence of each other, and is
gealed and signed for with the date and time. The desig-
nated individual acknowledges receipt of the collected
gaczple. In transferring the sample, the designate signs a
release of the sample in the presence of the new recipient,
who notes the date and time, and signs for acceptance in
the designate's presence. The chain of custody ensures
that only responsible personnel have access to and control
of the sarple, thereby avoiding the possibility of
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contamination before and after transport to the labora-
tory. At the labdboratory, the QAD has first access to the
sealed sacple container, and signs for it after obtaining a
signed release by the hand-carrier.

SUMXMARY OF PROTOCOL

(1

(2)

(3)

Bl

(&)

(5),

6)

(N

(8)

(9)

(10)

An EM grid is prepared as directed in level II snalysis
using finder or locator grids instead of regular 200-zesh
grids.

The particulate-loaded grid 4s then one-half or completely
coated with a thin layer of gold.

The gold-coated grid is placed in a tilt-rotation or a
doudble-tilt specimen holder, snd examined in the AEM or
STEM, <

At low nagnification the specimen grid is exarined, and a
grid opening is selected and identified for reference.

Fibers identified for detailed Level 1I1 SAED work during
Level II analysis, employing the selection criteris
described under Level 111 guidelines, are now exanined one
at a time.

A bright-field image of the fiber {s taken at 0° tilt and
at the magnification of analysis (20,000X).

with the ti{lt-rotation or double-tilt combination, well-

defined SAED patterns of two different zone-axis orienta=
tions are observed and photographed. The fiber location

with respect to the edges of the grid opening or to other
particulates may prevent more than one gone-axis orienta-
tion from being obtained for sowe fibers.

X-ray elemental analysis 45 taken of the fiber after the
SAED patterns. 7The EDS analysis also may be affected by
proximity of the fiber to the edge of the grid opening or
to other particles if tilting of the specimen I8 required
for efficient use of the EDS. An ipage of the spectra is
taken along with a record of the peak heights (the
presence of grid peaks, such as Cu or Ni, as well as gold-
coating pay serve as markers)e

As explained earlier, due to time and cost considerations,
at lesst 101 (preferably 20%) of the fibers examined in
Level II are analyzed in Level 111 worke.

Those fibers whose EDS elemental analysis points to a
possible amphibole {dentification are selected for SAED
pattern indexing.
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(11) Parameters of interest obtained form zone-axis SAED
patterns are: the camera constant, CC (obtained from the
gold ring); the diffraction spot spacing d; (along the
slant vector), d2 (along a row); the {nter-row spacing, R;

and the interplanar angle 8;,7. See Figure Al8 for
details.

(12) The reciprocal lattice values of the d-spacings d; and 42
and the inter-row spacing (R) are converted into direct
lattice spacings and then &;, d2, R, and @3,2 are compared
to those of standard amphibole species l{sted fn JCPDS
Powder Diffraction Files, values computed from lattice

-+ parameters and crystal structures, or SAED Standard
Pattern File developed fnternally from known amphibole
minerals regulated by EPA,

EQUIPHENT, FACILITIES, AND SUPPLIES
Essential {tems required for a level III analysis are:

e A 100-kV AEM equipped with the fluorescent viewing screen
inscribed with gradustions of known radi{i to estimate the
lengths and widths of fibrous particulates; or a modern
100-kV TE¥ equipped with an EDS. A scanning accessory as
found in an STEM will increase the versatility and
analytical capsbility for very small fibers or for fibers
adjacent to other particulate matter. This microscope
should also be equipped with the fluorescent viewing
screen inscribed with graduations of known radii to
estimate the lengths and widths of fibrous particulates.

e A specimen holder with t{lt-rotatfon or doudle-tilt
capability to obtain diffraction patterns at different
zone-axis orientations.

o Darkroom facilities for developing negatives, making
enlarged prints of patterns, and facilitating measurement
of distances, spots, lines, and circles.

e A vacuvum evaporator with a turntable for rotating
specimens during coating, for such uses as carbon—coating
polycarbonate filters, gold-coating EM grids, and
preparing carbon-coated MY grids.

e An BEM preparation room asdjacent to the room housing the
EM. This room should either be a clean-room facility, or
contain a larinar-flow class-100 clean bench to minimize
contarination during EM grid preparation. Filter handling
and transfer to EM grids should be performed in a clean
atwosphere. Laboratory blanks should be prepared and
analyzed wecekly to ensure quality of the work. In addi-
tion, a sample preparation room with a laminar-flow class-
100 clean bench should be availadble for handling bulk-air
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sazples, ashing procedures, sedimentation, ultrasonifi-
cation, filtration, and other prefilter sctivities.

e Several noéifed Jaffe wick washers for dissolving sepbrane
filters.

e Miscellaneous oupplies and chezicals, such as mezbrane
filters, E¥ grids, files, gold wire, chloroform, and
carbon rods.

e Sacple collection equipment, such as filter holders,
sacpling pumps, ceritical orifices, and tripods.

DESCRIPTIOR OF METBODOLOGY :

A detailed discusson of the morphology, crystallography and chenistry of
asbestos minerals, electron microscopy, and SAED analysis is outside the scope
of the present protocol. Basic knowledge in these areas and an adequate level
of cocprehensivé knovledge of TEM and SAED are prerequisites for the micro-
scopists participating in asbestos analysis, especially at level 111 stage.

Since level III analysis {s an extension of level II analysis, common
pethodological details dealing wvith type of samples (source), sample collec~
tion and transport, sacple preparation, TEM exazination and data collection,
data reduction and reporting of results, and quality control/quality assurance
(QC/QA) program, which were discussed in detail in Section S (Level 11
Asbestos Analysis) will not be repeated here and the users are advised to
refer to Section 5 for details {n these areas. Differences, 4f any, between
Level II and level III protocols in common areas have been dealt with easrlier
under "Guidelines” and "Summary of Protocol.”

The following provides brief descriptions of some of the essential areas
of the Level I1I protocol that were mot covered under Level 1I protocol.

1. Szzgjgllggrapbj #nd Borpbological Properties

Both crystallographic and morphological characteristics of asbestos
minerals can help considcrably 4n asbestos {ndentification and anslysis.
Chrysotile displays & unique parrow tubular worphology. The amphibole
asbestos winerals have very similar worphologies--they are elongated along the
g-axis (the chain direction) and generally lie with (100) planes approximately
perpendicular to the electron beam. All varieties of amphiboles exhibit these
Wadsley faults parallel to the length of the fiber.

Chrysotile possesses & cylindrical lattice which produces a unique SAED
pattern. All the arphiboles, except anthophyllite, which is orthorhombic,
have a monoclinfc crystsal structure. The auwphidoles are doudble-chain
silicates in which the fiber axis, z, has 8 repeat of 0.53 nm (inter-row
spacing 'R' in real space, Figure Al8). Since the other lattice parameters
are also very similar, detailed zone-axis SAED snalysis in more than one
orfentation s needed for positive 4dentification. The non-asbestos forms of
arphiboles have properties very similar to their asbestos counterparts, thus
they pust be distinquished from asbestos on the basis of rorphology alone.
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