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Nevertheless, we have analyzed a few hundred samples
(sediments and rocks) in parallel by MWP-OES and ICP-OES.
The results are in good agreement, except for Ba. It is indeed
possible to make good routine analysis of geological samples
with MWP if all the special demands on the sample prepa-
ration are fulfilled, including the addition of buffers (5, 6).
However, these tricky preparation procedures make MWP-
OES a highly awkward analytical method. The fact that the
MWP nebulizer can stand higher salt concentration than the
ICP nebulizer nevertheless makes it potentially a very in-
teresting source, since nebulizer malfunction is a common
source of disturbance in routine analysis.

In many cases it is possible to detect matrix changes from
the form and size of the plasma. As the plasma changes, it
is obvious that a fixed optical axis through the plasma will
observe regions with different energies and thus also different
excitation conditions.

ICP-OES The freedom from matrix effects makes it very
easy to prepare both samples and calibration solutions for
ICP-OES. Even if different dissolution methods are mixed,
it is still possible to make accurate analysis, but the con-
taminations from reagents can cause trouble if the same
amounts of reagents are not used in all samples. The plasma
unit itself can generally tolerate very large matrix changes.
This led us to recommend that the samples and, if possible,
the standard rocks should be uniformly prepared to minimize
the effect of contamination due to reagents. There are no

difficulties in making synthetic calibration solutions for trace
element analysis since the absence of the main elements of
a geological matrix in the calibration solutions causes no

problems. This makes it easy to prepare calibration solutions
for the analysis of trace elements that lack certified values.

The nebulizer and sample transportation can cause several
disturbances, but these are not true matrix effects in the
plasma. To avoid clogging of the nebulizer, we now use a new

preparation method, in which the sample to flux ratio is 1:1.
The most critical part in an ICP system is the nebulizer unit,
which needs further development. This is of importance for
making a good routine analysis system better. The very low
detection limits as well as the extended dynamic concentration
range makes ICP-OES an ever more superior analytical
method than MWP-OES.

ACKNOWLEDGMENT
The authors thank L-G. Omberg, C. Pontér, and B. Bostrom

for help with the MWP and ICP measurements. K. Go-
vindaraju has kindly supported us with geological reference
materials via the Working Group for Analytical Standards of
Minerals, Ores, and Rocks.

LITERATURE CITED
(1) V. A. Fassel and R. N. Kniseley, Anal. Chem., 46, 1110A-1120A,

1155A-1164A (1974).
(2) P. W. J. M. Boumans, Fresenius Z. Anal. Chem., 279, 1 (1976).
(3) C. C. Butler, R. N. Kniseley, and V. A. Fassel, Anal. Chem., 47, 825

(1975).
(4) R, K. Skogerboe and G. N. Coleman, Anal. Chem., 48, 611A (1976).
(5) K. Govindaraju, G. Mevelle, and C. Chouard, Anal. Chem., 48, 1325 (1976).
(6) J-O. Burman, B. Bostrom, and K. Bostrom, Geol. Foeren. Stockholm

Foerh., 99, 102 (1977).
(7) R. H. Scott and M. L. Kokott, Anal. Chim. Acta, 75, 257 (1975).
(8) J-O. Burman, C. Pontér, and K. Bostrom, Anal. Chem., 50, 679 (1978).
(9) J-O. Burman and K, Bostrom, Kem. Tidskr., 90, 18 (1978) (In Swedish).

(10) G. F. Larson and V. A. Fassel, Anal. Chem., 48, 1161 (1976).
(11) P. W. J. M. Boumans, F. J. de Boer, F. J, Dahmen, H. Hólzel, and A. Meier,

Spectroch/m. Acta Part B, 30, 449 (1975).
(12) H. de la Roche and K. Govindaraju, “Rapport (1972) sur quatre standards

geochlmlques (DR-N, UB-N, BX-N and DT-N)“, Bull. Soc. Fr. Ceram.,
100, 49-75 (1973).

(13) M. Roubault, H. de la Roche and K. Govindaraju, "Etat actuel (1970) des
etudes cooperatives geochlmlques", Sci. Terre, 15, 351-393 (1970).

(14) J-O. Burman, ICP Inf. News/. 2, 33 (1977),

Received for review October 24, 1978. Accepted December
26, 1978. This study was supported by a grant from the
Swedish Board of Technical Development (STU).

Determination of Microgram Quantities of Asbestos by X-Ray
Diffraction: Chrysotile in Thin Dust Layers of Matrix Material
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A method has been developed for the determination of mi-
crogram quantities of chrysotile (serpentine asbestos) which
is precise, accurate, and rapid. The method utilizes X-ray
diffraction techniques and has the capability of measuring
microgram amounts of either pure chrysotile or small quantities
of chrysotile (typically 1-10% by weight) in the presence of
large amounts of matrix material. Detection limits as low as
2 /ug/cm2 (on a filter) are cited. In developing this method,
phase analysis procedures, methods of sample preparation,
and a technique for X-ray absorption corrections were
evaluated.

The detrimental health effects of airborne asbestos particles,
notably asbestosis, lung cancer, and mesothelioma (1-3), have

necessitated the development of analytical techniques that
can be used to monitor personal exposures to asbestos fibers.
To date, the primary method of asbestos analysis has been
fiber counting using optical or electron microscopy, but as-
sociated with this method is considerable variability in the
measurement of asbestos concentration both within and
among laboratories (4-9). Representative of this variability
is data on analyses of ambient air samples (4) which show that
differences between laboratories may be as high as two orders
of magnitude. Along the same line, appreciable errors also
occur in counting fibers collected in occupational environments
(4, 6, 7). This variability is a natural consequence of factors
inherent in the counting procedure, i.e., microscope quality,
mounting procedure, and the necessity for interpretation by
the analyst. While the present U.S. standard is still in terms
of fibers per unit volume, the severe analytical problems posed

This article not subject to U.S. Copyright. Published 1979 by the American Chemical Society

http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0003-2670%2801%2985350-2&coi=1%3ACAS%3A528%3ADyaE2MXktlOiurk%253D&citationId=p_n_7_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0584-8547%2875%2980040-1&coi=1%3ACAS%3A528%3ADyaE28XisFGitQ%253D%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac60356a032&coi=1%3ACAS%3A528%3ADyaE2MXkt1WrsLw%253D&citationId=p_n_3_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F11035897709455003&citationId=p_n_6_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac50002a025&coi=1%3ACAS%3A528%3ADyaE28XksFKjurw%253D&citationId=p_n_10_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F11035897709455003&citationId=p_n_6_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2FBF00424232&coi=1%3ACAS%3A528%3ADyaE28XksVSgsLw%253D&citationId=p_n_2_1
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADyaE1cXks12qurw%253D&citationId=p_n_9_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac50003a018&coi=1%3ACAS%3A528%3ADyaE28XkslWks7k%253D&citationId=p_n_5_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac60349a722&coi=1%3ACAS%3A528%3ADyaE2cXlvVSmtLs%253D&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac50026a043&coi=1%3ACAS%3A528%3ADyaE1cXhtlSiurg%253D&citationId=p_n_8_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fac60371a788&coi=1%3ACAS%3A528%3ADyaE28Xkt1yisrw%253D&citationId=p_n_4_1


ANALYTICAL CHEMISTRY, VOL, 51, NO. 4, APRIL 1979 · 521

Table I. Measurement Parameters
ana- step

lytical0 incre- time per
peak(s), scan range, ment, step

component ° 26 ° 2  ° 26 incr., s

chryso- 12.08 10.58-13.58 0.02 10
tile 24.38 22.88-25.88 0.02 10

silver 38.03 37.03-39.03 0.02 0.5
a-quartz 26.66 26.41-26.91 0.01 0.6
talc 9.32 7.82-10.82 0.02 2

° Cu Ka radiation (1.54178 A).

by the counting method have provided impetus for developing
an accurate, precise, rapid, and automated method capable
of analyzing microgram quantities of airborne respirable dust.
Precedence for measuring asbestos in terms of mass rather
than number of fibers has been set in the adoption by West
Germany of a mass standard (0.15 mg/m3) for airborne
chrysotile (10). The British New Asbestos Regulations,
adopted in May 1970, limited chrysotile exposure to 0.1 mg/m3
or 2 fibers/cm3 (10).

X-ray diffraction (XRD) was deemed the method most
feasible for analyzing minute quantities of chrysotile and, while
a number of other investigations have been made concerning
the quantitative measurement of chrysotile by XRD, the
quantities examined were generally in the milligram rather
than microgram range. Working in a range of 1-10 mg, Crable
et al. (11-13) clearly demonstrated the viability of XRD for
the quantitative measurement of asbestos. Goodhead (14)
used film techniques for determining percent chrysotile in a

silicon matrix, and Rickards (15) cited 10 Mg as the detection
limit for chrysotile by XRD and postulated that 50-100 Mg
could be measured in the presence of an interference.

In the process of developing an effective method a number
of factors had to be examined and evaluated. Of pivotal
importance were the following: (1) the effects of the ultrasonic
treatment used in sample preparation on X-ray response and
particle size, (2) the cogency of the various phase analysis
methods, (3) corrections for X-ray absorption by the analyte
and any co-existent matrix, (4) techniques for preparing thin
layers of dust on filters, (5) an evaluation of analytical bias
resulting from ashing of the collection filter followed by
redeposition of the analyte and (6) the detection limit and
analytical parameters associated with the method. Each of
these areas was thoroughly examined or developed so that,
based upon the results obtained from this study, a well-
documented statement can now be made about the feasibility
of XRD for chrysotile analysis. Of equal importance is the
fact that the fundamentals developed during the course of this
work can now be extended to other serpentine and amphibole
minerals, both pure and in interfering matrices.

EXPERIMENTAL
Apparatus. A Philips APD-3500 automated powder dif-

fractometer was used with a Philips XRG-3000 X-ray generator
and a scintillation counter. Small integrated peak areas were
reliably measured through the use of a step scanning mode. Silver
membrane filters were used as a support for the samples and, in
conjunction with a pulse height selector and a focusing graphite
monochromator, were used to reduce background. All mea-
surements were obtained using a Philips long fine focus copper
X-ray tube run at a power level of 1400 W. The instrumental
configuration employed in this study included a 1° receiving slit
and a 26 compensating divergence slit. The positions (26) of the
analytical peaks for the various analytes examined along with the
associated scan ranges, step increments and count times per step
increment are summarized in Table I.

Reagents. Chrysotile, obtained from Union Carbide was

designated as Calidria asbestos, high purity open. Talc was
obtained from the Sierra Talc and Chemical Company, a division

of Cyprus Mines Corporation. Silver membrane filters (Selas
Flotronics), Millipore AA filters, and Gelman DM-450 filters were
used at various stages in this study. Dispersions were produced
using reagent grade isopropyl alcohol (Fisher).

Grinding, Sieving, and Particle Sizing. Chrysotile (0.8 g)
was placed in a freezer mill (SPEX, Inc.), cooled to liquid nitrogen
temperature and ground for 7 min at a grinding rate of ca. 5

impacts per second. Because dry grinding may lead to some

decomposition of the chrysotile, the grinding rate and grinding
time were kept to a minimum. The ground material was wet
sieved through a 10 ± 2 Mm sieve following the general method
of Kupel (16). The talc was dry sieved as received through a 10-Mtn
sieve using an Allen-Bradley Sonic Sifter. All particle size de-
terminations were performed with an RCA-EM3H transmission
electron microscope.

Preparation of Suspensions. A weighed amount of the sieved
chrysotile or talc was placed in 50 mL of isopropyl alcohol and
the mixture subjected to an ultrasonic cell disruptor (Ultrasonics,
Inc., Model W140) at an output power level of 5 W until a stable
suspension was obtained. The resulting suspension was diluted
to 1 L with isopropyl alcohol in a standard volumetric flask to
give the desired final concentration. To prepare suspensions
containing both talc and chrysotile, separate dispersions of the
two minerals were first generated in the manner given above, then
combined. The final concentrations of chrysotile ranged from
5-10 Mg/mL while the talc ranged from 100-1000 Mg/mL.

Deposition of Thin Dust Layers on Silver Filters. Two
pore sizes of silver membrane filters were used in this study, 0.45
and 0.80 Mm. The former was used to maximize sensitivity (see
Table II) and the latter for those large depositions that would
clog the 0.45-Mm membranes. Two techniques were used in
preparing thin dust layers on the silver filters. In the first, pipetted
aliquots of the suspensions were filtered through silver membrane
filters following a carefully developed procedure as follows: prior
to removal of an aliquot, the suspension was first stirred for 1

min with a magnetic stirrer, then vigorously hand shaken, stirred
a second time for 1 min and finally hand shaken again. The
aliquot was withdrawn immediately after the second agitation
during which time the dispersion was not stirred. A positioning
collar placed on the pipet ensured that each aliquot was taken
from the center of the dispersion. Three milliliters of isopropyl
alcohol were then placed in the reservoir of a 2.5-cm Gelman
vacuum funnel prior to the addition of the aliquot. After delivery,
the pipet was rinsed into the reservoir and the mixture rapidly
filtered. The sides of the reservoir were not rinsed after filtration.
Two types of pipets were used in this method, a class A transfer
pipet and a class A transfer pipet with the capillary tip removed
(recalibrated).

In the second method of dust layer preparation, the required
amount of material was weighed out, dispersed in isopropyl alcohol
and subsequently filtered through a silver membrane filter. This
method was designed to avoid the use of a pipet.

In both methods, the suspensions were filtered using the
Gelman vacuum filter funnel giving an effective area of deposition
of 3.46 cm2; a rectangular area 1.41 cm X 1.59 cm (2.24 cm2) is
actually irradiated by the X-ray beam.

Filter Ashing. The Millipore AA or Gelman DM-450 filters
(with deposited talc and chrysotile) were ashed in an International
Plasma Corporation low temperature asher for 4 h at a radio
frequency (RF) power level of 100 W with an oxygen flow of 70
cm3/min.

THEORY
Corrections for X-ray Absorption. If absolute amounts

of analyte are to be quantitatively measured, then corrections
for X-ray absorption by the analyte and by any surrounding
matrix must be made; i.e., the measured intensity Im must, be
multiplied by a correction factor   to give the corrected
intensity 7C

Ic = T7m (1)

For samples of less than “infinite thickness" (17), Williams
(78) devised a method whereby the absorption coefficient of
a pow'der could be determined at the same time as analytical
intensities were being measured. This was accomplished by
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mounting the powder on the surface of a metal and measuring
the attenuation of the X-ray beam from the metal after it had
passed through the powder. Williams went on to successfully
use this method for determining quartz in various ceramics
(18). Along similar lines Leroux (19, 20) derived an equation
for evaluating the above correction factor based on the amount
of attentuation observed for the intensity of a diffraction peak
from an underlying silver filter. This correction factor is
expressed as follows:

  =
-R In Tn

1 -
m R
1 n

(2)

where R = sin 0Ag/sin 0X (X represents analyte) and Tn =

/Ag/fAg0 where /Ag and /Ag° represent the intensities of the
attenuated and unattenuated silver peaks, respectively.

Combining Equations 1 and 2

/, = J„
-R In Tn
1 -t* (3)

By plotting intensity as a function of weight for standards
prepared from pure analyte (negligible absorption effects when
less than 200 ^g/filter), a calibration curve is generated from
which slope (m0) and intercept (ba) may be calculated.
Substituting these parameters into Equation 3 gives a general
expression for the corrected, absolute weight of analyte (Xc).

Xc =

^-(/c
- bo) (4)

Calculation of Detection Limits as a Function of the
Amount and Nature of a Matrix. Using some of the
equations established above, an expression has been derived
by this laboratory for use in calculating detection limits for
an analyte at any specified concentration in various matrices.
The theoretical ratio of the intensities of a silver reflection
from a filter with and without the thin layer of sample is given
(21) by the equation

-2 ps*tp
Tn = 7Ag//Ag° = exp gin ^ (5)

where t = sample thickness (cm), p = bulk density of the
sample (g/cm3), and

µ* =  /yUj* (6)

(fi and µ^ are the weight fraction and mass absorption
coefficient of the tth component).

Since t = X/Afp where X = weight of pure analyte (g), A
= area of deposition (cm2), and / = weight fraction of pure
analyte, then

~2 µ*
T"  

expZ75T5¡;
(7)

Defining the lower limit of detection (LLD) as the amount
of material required to produce a measured intensity equal
to three times the standard deviation of the background
intensity (22, 23), then at the LLD

3 s=Im = Ic/T =
m0X + b0

  (8)

Substituting Equations 2 and 7 into 8 yields the expression

3s = (Xma + b0)
1 - [exp(-2X^s*/A/ sin 0Ag)]R

-R(-2Xp*/Af sin dAg)
(9)

By determining a 3s level from background measurements and
by specifying both the weight fraction of analyte in the matrix

Table II. Relation of Sonification Time to Sensitivity
and Lower Limit of Detection (LLD)

sonification sensitivity, LLD,
time counts^g Mg/cm2

2.5 h 61 (l)c 4
10 min° 95 (2) 3
10 min6 108 (2) 2

a 0.8-pm pore size filters. 6 0.45-µ   pore size filters.
c Figures in parentheses represent one standard deviation
for least squares line.

(/), and the mass absorption coefficient of the sample (µ3*),
Equation 9 can be solved for X by numerical means (24) to
give the lower limit of detection for the analyte in the given
matrix.

RESULTS AND DISCUSSION
With reference to the areas of proposed investigation

outlined in the introduction, definitive statements can now

be made concerning the effects, importance and applicability
of these areas on this method for chrysotile. (1) While
prolonged sonification does change X-ray response and
probably particle size, those short periods of sonic treatment
used in preparing dispersions have negligible effects. (2) The
best method for phase analysis involves measuring integrated
peak areas and normalizing by means of an external standard.
(3) Corrections for X-ray absorption can readily and effectively
be made when the analyte is present in a matrix such as talc
at levels as low as 1% by weight. (4) Thin dust layers can

be reproducibly generated by filtering suspensions containing
particulate matter at concentrations as high as 1000 µg/mL.
(5) Ashing of the collection filter and subsequent redeposition
of the analyte introduces no analytical bias into the method.
(6) The detection limit for chrysotile by this method is at a
level of 2 µg/cm2 on silver membrane filters, and the overall
precision of the method (RSD) is 6.9%. A detailed discussion
of these salient points is presented below.

Effects of Ultrasonic Treatment on Particle Size. To
obtain stable dispersions of chrysotile and talc, ground and
sieved samples of these minerals were placed in isopropyl
alcohol and subjected to the action of an ultrasonic cell
disruptor. Concern about the possible reduction in the length
and/or diameter of the relatively brittle chrysotile fibers as

a result of the sonification prompted a study on the actual
effects of the sonic treatment. This concern is particularly
germane should it become necessary to use ultrasonic tech-
niques to redisperse the chrysotile after the original collection
filter has been ashed so that the asbestos may be redeposited
on silver membrane filters. In this study, comparable amounts
of chrysotile were “sonified” for widely varying periods of time
and subsequently both sized by electron microscopy and used
in generating calibration curves. The results of this inves-
tigation indicate that prolonged ultrasonic treatment (> 10
min) may be reducing particle size although insufficient sizing
data have been gathered to state unequivocally that the
apparent decrease in size is statistically significant. The
supposition of decreased particle size is borne out by the X-ray
responses of the sonified material. Calibration curves gen-
erated using the sonically treated samples show increased
detection limits and decreased sensitivity (counts^g) with
increased sonification time (Table II). These observations
are probably a consequence of the fact that with increased
sonification time a larger fraction of the sample is becoming
small enough to either pass through the filter or lodge in the
interior of the silver filter where it is shielded from X-rays.
A more detailed study is presently being conducted to add
statistical credence to the observation that sonification de-
creases particle size. At any rate, the marked response of the
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Table III. Analytical Results as a Function of Phase Normalization Method

sample
set

normalization
procedure

RSD° RSD of slope
linear correlation

coefficient
Ab Bc A B A B

I external 8.7 7.9 2.5 2.6 0.9988 0.9986
substrate 8.4 8.0 3.1 3.3 0.9982 0.9972
noned 8.8 7.9 2.4 2.7 0.9988 0.9986

II external 6.9 9.0 2.1 3.1 0.9991 0.9980
substrate 6.6 9.3 2.7 3.7 0.9986 0.9972
noned 6.9 9.0 1.3 1.8 0.9997 0.9993

0 RSD = [2ni(RSDj)2/2ni]1'2 ; all relative standard deviations were tested and shown to be homogeneous before being
pooled (Bartlett’s test at 1% significance level). b 7.33-A peak of chrysotile (primary). c 3.65-A peak of chrysotile (secon-
dary). d Raw intensity (counts).

X-ray sensitivity to Bonification time indicates that the
treatment time must be kept to a minimum.

Evaluation of Phase Analysis (Normalization)
Methods. Two methods of normalizing the raw, net in-
tensities of the diffraction peaks from pure chrysotile (no
matrix) were evaluated to determine their effect on the
analytical results. In the first method, corrections were made
for instrumental instabilities by referencing the raw intensities
to an  -quartz peak from a reference stone (external nor-

malization). In the second method, the raw intensities were
first externally normalized then referenced to a silver peak
(also externally normalized) from an underlying filter to
correct for any variations in the chrysotile intensity due to
the orientation, height, and variability in flatness of the silver
filter in the sample holder (substrate normalization). To
obtain the necessary data, two sets of raw intensities were
collected using two different pore size silver filters and
chrysotile suspensions that had been ultrasonically treated
for 10 min. The 7.33- and 3.65-Á peaks of chrysotile, the
2.36-Á peak from the underlying silver filter, and the 3.34-Á
peak from the quartz reference stone were measured. The
first set of data was taken using chrysotile deposited on

0.45-µ   pore size silver filters (I) and the second with
chrysotile deposited on 0.80-µ   pore size silver filters (II). The
overall analytical precision (RSD, pooled relative standard
deviation), the linear correlation coefficients, and the relative
standard deviations (RSD) of the slopes of the calibration
curves were determined using each of the two methods and
also the raw data. A Bartlett’s test at a 1 % level of significance
shows that within each set of data (I or II) the RSDs and
RSDs of the slopes are equal, demonstrating that both phase
analysis methods give comparable results (Table III), and
indicating that the physical condition of the filter is repro-
ducible and is not a critical factor when integrated intensities
are being measured. Convenience dictates the use of the
external method unless a filter is heavily loaded (greater than
ca. 2 mg) at which point the substrate method should be
employed as it provides the means for X-ray absorption
correction (see later section). Examination of Table III also
reveals that in all instances the raw data give results com-

parable to both types of normalized data (Bartlett’s test, 1 %
level). However, it is felt that this is simply a consequence
of the excellent instrumental stability observed over the
relatively short time period during which this study was
conducted. Long-term stability has been found to be sig-
nificantly less, and corrections should be made continuously
for instrumental instability.

X-Ray Absorption Corrections. To evaluate the viability
of the X-ray absorption correction method (theory section),
thin dust layers containing 10%, 7%, 5%, 3%, and 1% (w/w)
chrysotile in a talc matrix were deposited on silver filters and
the intensities of the chrysotile and silver peaks measured.

The average silver peak intensity was determined using
clean filters, and the chrysotile intensities were corrected for

Figure 1. Intensities of the diffracted beam from chrysotile samples
before X-ray absorption corrections (7.33 Á peak)

Figure 2. Intensities of the diffracted beam from chrysotile samples
after X-ray absorption corrections (7.33   peak)

X-ray absorption using Equation 3. The slope (m0) and
intercept (b0) values found for a calibration curve of pure
chrysotile (negligible absorption effects) were then used to
calculate the corrected weights according to Equation 4. A
comparison of the uncorrected weights to the actual weights
reveals that errors in accuracy can be significant if absorption
corrections are not made. For example, at a level of 1%
chrysotile in talc, a lOO^g sample of chrysotile would give an

apparent weight of 49 µg before absorption correction and 102
µg after correction.

The effectiveness of the correction method is shown
graphically in Figures 1 and 2 where the intensities of the
primary chrysotile peak are plotted before and after absorption
corrections. The curves in Figure 1 correspond well with those
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Table IV. Calibration Curve Slopes Derived from Plots Table V. Detection Limits for Chrysotile in
of Corrected0 Intensity vs. Weight of Chrysotile (Mg) Different Matrices

chrysotile slope, linear correlation
in talc, % countsd/Vg coefficient

100&'c 108 0.9991
1006 95 0.9988

10 98 0.9984
7 111 0.9978
5 92 0.9961
3 101 0.9993
1 102 0.9938

° Corrected for X-ray absorption. b No X-ray absorp-
tion corrections. c 0.45-µ   pore size silver filters used,
all other results are for 0.80-µ   pore size silver filters.
d Externally normalized.

predicted by theory (20), and the linearity of points in Figure
2 demonstrates the ability of the correction technique to
compensate for absorption effects. The slopes of the corrected
intensity vs. weight curves for the various percentages of
chrysotile in talc are given in Table IV and by their com-

parable values further demonstrate the excellent corre-

spondence between intensities that differed initially by as
much as a factor of three due to X-ray absorption.

As an additional check on the principle of this correction
technique, a portion of the data accumulated in this study
was used in determining the mass absorption coefficient (µ*)
for talc (Equation 7). The experimentally determined value
of 33.62 cm2/g compares favorably with the calculated value
of 31.2 (25) and adds further credibility to the results obtained.

Evaluation of Techniques Used for Depositing Thin
Dust Layers. The thin dust layers used in this study were

generated by filtering pipetted aliquots of suspensions con-

taining particulate matter, specifically talc and chrysotile.
However, there has been concern at this laboratory that errors
which could significantly affect the precision and accuracy
of the results may be incurred by pipetting from particulate
dispersions. The primary concerns have been that the ca-

pillary tip of the pipet might foster poor precision by pro-
moting variable amounts of particulate aggregation, and filter
out a fraction of the particles, thereby introducing a bias into
the analytical accuracy. To test for effects on the accuracy
and precision, three different techniques were used in placing
10 mg of pure talc on three sets of 10 silver filters each. (Talc
was used as it represented the mineral component that was
used in highest concentration during the entire course of this
investigation.) In the first technique, 10.00 ± 0.01 mg samples
of talc were weighed out, suspended in isopropyl alcohol, and
the entire suspension was filtered through the silver filters.
In the second and third techniques, a transfer pipet and a
transfer pipet with the capillary tip removed (recalibrated)
were used to draw 10-mL aliquots from a suspension con-

taining 1000 Mg/mL of talc. The average talc diffraction peak
intensities and associated standard deviations were used to
assess and compare the precision and accuracy of the three
techniques. The values of the mean and standard deviation
found for the diffracted intensities from the weighed samples
were then assumed to be the true and best values respectively.

A statistical F-test (two tailed) show that, at a 5% level of
significance, the standard deviations associated with the
samples prepared using either the regular transfer pipet or
the tipless transfer pipet were not different from the standard
deviation found for the weighed samples (P = 0.638 and 0.653,
respectively). A statistical t-test (two tailed) showed that at
a 5% level of significance the average intensity of the dif-
fracted beam from the weighed talc samples is not different
from the average beam intensities of the samples that were

generated with either the regular pipet or the tipless pipet
(P = 0.151 and 0.055, respectively). Thus this demonstrates

matrix
chrysotile,

%
detection limit,0

Mg/cm* 2

100 2
100 3 (secondary peak)

talc 10 3
talc 7 3
talc 5 3
talc 3 3
talc 1 3
Zn02 1 3.5
CaCÓ3 1 3.5
Zr02 1 4.0
TiO, 1 3.5
Fe203 1 4.5

° Determined using the primary peak (7.33 A) unless
otherwise noted.

that transfer pipets can be used in taking aliquots from
suspensions containing particulate matter in concentrations
as high as 1000 µg/mL.

Detection Limits. The detection limit for chrysotile was
defined as the amount of material required to give a diffracted
X-ray intensity equal to three times the standard deviation
of the background (22, 23). Using this definition in the form
of Equation 9 the lower limits of detection for pure chrysotile
and for the various percentages of chrysotile in talc were

established (Table V). By measuring the background ra-
diation levels of the other matrices given in Table V at angular
positions comparable to those used for chrysotile background
measurements, Equation 9 was also used to predict the
minimum mass of chrysotile that could be detected in these
matrices assuming 1% chrysotile by weight.

One of the conclusions reached during the course of this
investigation is that the analysis of bulk samples for relative
percent analyte should be made on samples that are less than
“infinitely thick” (17). The procedure involves the deposition
of a known weight of sample on a silver filter, the determi-
nation of the actual weight of analyte using the absorption
correction method, and finally the calculation of percent
analyte. The advantages of analyzing bulk samples in this
manner are: (1) both relative and absolute amounts of analyte
can be determined simultaneously, (2) it becomes unnecessary
to prepare calibration curves based on varying percentages
of analyte in a matrix; a single calibration curve for the pure
analyte suffices, and (3) the method does not require a prior
knowledge of the identity or nature of the matrix (assuming
it is not an interference), it is merely required that the amount
of sample placed on the filter be less than that which will
absorb all of the diffracted X-rays from the underlying silver
filter. By comparison, the nature of the matrix is critical in
analyzing “infinitely thick” bulk samples unless an internal
standard is used.

Recovery Studies. The applications of the method de-
scribed in this paper are directed primarily toward the analysis
of samples collected by small personal air samplers, attached
to workers, which draw air through a filter at ca. 1.7 L/m.
Worker movement, air currents, partial blockage of the face
of the filter cassette, particle size discriminators attached to
the cassette, and cassette positioning may lead to inhomo-
geneous deposits of analyte on the filter. The principles of
the method described above require (1) homogeneous de-
positions of uniform thickness and (2) silver filters as support
material. Therefore, to assure optimum results, the collection
filters must be ashed and the chrysotile redeposited on silver
membrane filters. Since concern about deposition homo-
geneity precludes direct sampling with silver filters, a study
was carried out to evaluate the possibility of bias being in-
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Table VI. Count to Mass Conversion
Factors for Chrysotile

mass of 8-h
fibers/Vg“ source sample,6 µg ref.

0.67 X   - textile products 244 (27)
 .39 X 10“ friction products 117 (27)
2.25 X 104 pipe products 73 (27)
5.2 X 104 commercial buildings

“general standard”
31 (5)

2.0 X 104 82 (28)
2.0 X 104 hygiene standard 82 (10)

° Fibers >5 µ   in length. b 1.7 L/m sampling rate.

troduced into the analytical results as a consequence of the
ashing and redeposition.

Equal amounts of chrysotile were deposited on 12 Millipore
AA filters and 12 silver membrane filters (six filters at each
of two levels; 100 and 150 pg). The AA filters were then ashed
in a low temperature asher and the residues redeposited on
silver membrane filters. The average intensities of the dif-
fracted beams from the 12 redeposited samples were compared
with those of the 12 direct deposition samples and a two tailed
t-test showed that at a 5% level of significance (P = 0.466,
0.426, respectively) there was no difference in the means at
either of the two levels of loading. Similarly, both sets of filters
for each of the two levels gave comparable standard deviations
(two tailed E-test, 5% level of significance P = 0.058, 0.182,
respectively) indicating that ashing and redeposition does not
introduce analytical bias or affect the precision of the method.

Count to Mass Conversion. On July 1, 1976, the Oc-
cupational Safety and Health Administration (OSHA) pro-
mulgated a standard for occupational exposure to asbestos
containing an 8-hour time-weighted average (TWA) con-
centration exposure limit of 2 fibers/cm3 longer than 5 µ  
(26). To determine if this level is commensurate with the
detection limit of the above method, it is necessary to obtain
a count-to-mass conversion factor for chrysotile fibers. The
results of several studies in which conversion factors were

reported are summarized in Table VI. Quite clearly, the
results are at variance and reflect not only the variety in the
sources or uses of the fibers but also the differences in
techniques used by the original investigators. However, based
on these correction factors, the minimum amount of material
that would be collected in a personal sample exceeds by at
least a factor of three the detection limit determined for
chrysotile at a level of 1% in talc and exceeds by at least a
factor of five the detection limit for pure chrysotile.

CONCLUSIONS
This study clearly demonstrates the substantial potential

of XRD as a routine technique for the quantitative deter-
mination of microgram quantities of serpentine asbestos. The
utility of this method for both personal samples collected on
filters and bulk samples is evident in its (1) specificity for
chrysotile, (2) low detection limits, (3) excellent precision,
particularly in comparison to the interlaboratory precisions
of 30-100% (or greater) found using fiber counting methods
for non-occupational (4, 5, 8), occupational (6, 7), and lab-
oratory generated samples (9), (4) capability of making precise
and accurate quantitative measurements on small quantities
of chrysotile in the presence of large amounts of matrix

material, a situation where the counting method is at best
difficult, (5) potential for automation, and (6) ready adapt-
ability of the method to other asbestiform materials (e.g.,
tremolite) in different matrices.

No method is without its drawbacks, the primary one of
which in this case is the problem of interferences. Minerals
such as antigorite, lizardite, members of the kaolinite group
(kandites), and possibly chlorite are potentially serious in-
terferences with chrysotile. Sample pretreatment and X-ray
line profile analysis are two approaches presently being ex-

plored in an attempt to reduce the adverse effects of inter-
ferences.
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