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Abstract By using a transmission electron microscope equipped with an energy dispersive spectrometer, it Was possible 
to detect the morphological, structural, and chemical characteristics of individual asbestos fibers and clay minerals without 
any realignment of the equipment. A rapid and convenient procedure for semiquantitative analysis is proposed. Analyses 
are given for 21 hydrous silicates, asbestos and clay minerals, by both ordinary chemical and energy dispersive methods. 
The energy dispersive results were comparable to those obtained by chemical analysis. Application of this procedure to 
asbestos fibers proved this method to be practical and valid for characterization of asbestos in environmental and tissue 
samples. 
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INTRODUCTION 
Energy dispersive analysis of X-rays in the trans- 

mission electron microscope has emerged during the 
past few years as a highly useful analytical technique 
in a variety of research fields such as air pollution, pa- 
thology, forensic chemistry, and experimental petrol- 
ogy. This technique has enabled the compositional de- 
termination of individual microparticles of less than 1 
/zm z. Electron microprobe analysis of major elements 
in bulk samples has been described by a number of  au- 
thors. The analytical techniques for bulk specimens are 
inapplicable to X-ray microanalysis of ultrathin speci- 
mens in the electron microscope, because the charac- 
teristic X-ray intensity depends on the thickness of the 
specimen as well as on the chemical composition. The 
effect of the specimen thickness on the characteristic 
X-ray intensity was eliminated by Marshall and Hall 
(1968). They showed that the intensity ratio of a char- 
acteristic peak to the intensity of the continuum pro- 
vides a measure for the concentration of an element, 
which is independent of the film thickness. Literature 
exists on application of the analytical electron micro- 
scope to environmental and tissue samples whose vol- 
umes of less than 1/xm 3 (Langer et al., 1971, 1974; Pool- 
ey, 1972, 1976; Henderson et al., 1973; Rubin and 
Maggiore, 1974); but few of these investigations have 
determined chemical components quantitatively for sil- 
icate minerals, especially submicron particles. 

Asbestos has been studied in the field of occupational 
health in relation to respiratory disease as well as pleu- 
ral cancer (Selikoff, 1972). Recently the contamination 
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of public water supplies by fibrous amphibole minerals 
was found in tailing discharge of an iron ore mining 
company located in Minnesota (Nicholson, 1974; Kra- 
mer, 1976). In order to monitor these health effects and 
the extent of environmental contamination by asbestos, 
the identification and characterization of microparticles 
have become important fields of study. Asbestos fibers 
have been intensively studied for these reasons. 

This study is initiated to use the analytical electron 
microscope for the semiquantitative determination of 
the major elements in 21 hydrous silicate minerals 
which already have been analyzed by ordinary chemi- 
cal methods. 

SPECIMENS AND METHOD 

Specimens used in this study are listed in Table 1. 
These minerals were confirmed to be pure minerals by 
X-ray, thermal, and chemical analyses. 

The analytical electron microscope is composed of 
the JEM-100 C type transmission electron microscope, 
EM-SEG side entry goniometer, EM-ASID high reso- 
lution scanning attachment, and EM-NDS dispersive 
X-ray spectrometer. The instrument was operated at 40 
kV. 

The particles of each specimen were deposited from 
suspension on a supporting film on an electron micro- 
scope grid, and then coated with carbon. The isolated 
particles were selected on the STEM image, and then 
analyzed using the EM-NDS dispersive X-ray spec- 
trometer. 
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Fig. 1. Transmission electron micrographs and selected area diffraction patterns obtained on amosite (A), crocidolite (B) and chrysotile (C). 

Table 1. Details of analyzed minerals. 

No. Minerals Locali ty Ref. No. Analyst 

1 Chrysotile Cassier mine, Canada. Cassier AA Hayashi  (1971) 
2 Chrysotile Yamabe mine, Hokkaido, Japan. Hayashi (1971) 
3 Anthophyll i te South America. Komuro (1975) 
4 Anthophyll i te Unknown. Hayashi (1971) 
5 Amosite Penge mine, South Africa. A-IO Hayashi (1971) 
6 Amosite Penge mine, South Africa. S-22 Hayashi (1971) 
7 Tremolite Sue-machi, Fukuoka, Japan. Komuro (1975) 
8 Tremolite lwate, Japan. Komuro (1975) 
9 Act ino l i te  Sekikawa-mura, Ehime, Japan. Komuro (1975) 

I0 Act ino l i te  Ohgushi, Nagasaki, Japan. Hayashi (1971) 
I I  Crocidoli te Kuruman mine. South Afr ica. M Hayashi (1971) 
12 Crocidoli te Kuruman mine, South Africa. J-lO Hayashi (1971) 
13 Halloysite Kusatsu, Gunma, Japan. Sato (1968) 
14 Pyrophyll i te Honami mine, Nagano, Japan. H-2 Kodama (1958) 
15 Talc Haicheng, China. Komuro (1974) 
16 Sepiol i te Kuzuu, Tochigi, Japan. Nakamura (1966) 
17 Palygorskite Kuzuu,  Tochigi, Japan. Nakamura (1968) 
18 Al -ch lor i te  Kamikita mine, Aomori, Japan. K-40 Hayashi (1964) 
19 AI-Mg-chlorite Hanaoka mine, Akita, Japan. H-330 Hayashi (1961) 
20 Mg-chlorite Wanibichi mine, Shimane, Japan. Sudo (1956) 
21 Fe-chlorite Ichinokoshi, Toyama, Japan. Sudo (1943) 
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Chrysotile Anthophyl l i te Amosite Tremolite Crocidol i te 

Pyrophyl I i te  Talc A l -ch lo r i te  Mg-chlorite Fe-chlor i te 
Fig. 2. Energy dispersive spectrometer spectra for various asbestos fibers and clay minerals. 

EXPERIMENTAL RESULTS 

Asbestos and related minerals 
The asbestos minerals are natural, hydrated silicates 

which occur as fibers. Asbestos fibers are classified into 
two groups: amphiboles and chrysotile. Anthophyllite,  
amosite, tremolite, actinolite and crocidolite belong to 
the amphibole mineral in which cations link the infinite 
chains of composition SisO22(OH)2. As shown in Figure 
1, each fiber of amphibole asbestos tends to form 
straight edges parallel to tbe fiber axis and vary from 
electron-dense fibers to opaque ones. On the other 
hand, chrysotile fibrils normally consist of a central 
capillary and electron opaque walls. 

Chrysotile yields a unique selected area electron dif- 
fraction pattern as shown in Figure 1. Layer  lines which 
denote the periodicity of the fiber axis a yield mea- 
surements of 5.3 A. Figure 1 also shows two represen- 
tative selected area electron diffraction patterns of am- 
phibole asbestos which are quite different from that of 
chrysotile. Amphiboles,  however, are quite similar in 
diffraction patterns (Figure 1). It is difficult to distin- 
guish a particular mineral species among amphiboles,  
because these diffraction patterns resemble each other. 
This technique, however, is very effective for differ- 
entiating chrysotile from amphibole asbestos.  

X-ray emission spectra of five asbestiform minerals 
are shown in Figure 2. Chrysotile shows two large 
peaks for silicon and magnesium, and a small peak for 
iron. As can be seen, chrysotile and anthophyllite have 
similar spectra but they differ in relative amounts of 
magnesium, silicon and iron. Amosite has two large 
peaks for silicon and iron, and a small peak for mag- 
nesium. Tremolite, on the other hand, differs signifi- 
cantly from the above-mentioned three minerals due to 

the presence of a calcium peak. The presence of a so- 
dium peak in crocidolite is one of the most notable dif- 
ferences among the six species of asbestiform minerals. 

Chrysotile is the trioctahedral analogue of the kaolin 
minerals and shows certain morphological similarities 
to halloysite. Halloysite fibers are generally difficult to 
distinguish from chrysotile fibrils, but X-ray emission 
spectra can show easily the difference in chemistry of 
these minerals. 

Clay minerals 
Talc, pyrophyllite,  sepiolite, palygorskite and four 

kinds of chlorites were examined with the analytical 
electron microscope. Talc and pyrophylli te were diffi- 
cult to identify from their morphology or from their 
electron diffraction patterns. The tetrahedral cation 
population of talc and pyrophyllite is mainly silicon and 
the octahedral sheet contains aluminum in pyrophylli te 
and magnesium in talc. Therefore X-ray energy spectra 
for talc show a large silicon peak and a peak for mag- 
nesium while that for pyrophyllite has a large peak for 
silicon and an aluminum peak (Figure 2). 

The sepiotite-palygorskite group is a series of hy- 
drous magnesium minerals. Palygorskite is the alumi- 
num- or iron-rich member and sepiolite is the alumi- 
num-poor member. The electron micrographs of these 
minerals have revealed that the particles consist of 
elongated fibers which are axially parallel, sharp-edged 
and unevenly broken at their ends. The predominant 
peaks in the energy dispersive X-ray spectra are mag- 
nesium and silicon for the sepiolite fiber, and silicon, 
aluminum and magnesium from the palygorskite fiber. 

The chlorites are a group of hydrous silicate minerals 
whose structure permits extensive isomorphous sub- 
stitution. These minerals vary in chemical composition 
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Fig. 3. Weight percent SiO= by energy dispersive analysis versus chemical analysis. (A) Individual values obtained by energy dispersive analysis. 

(B) Average values of individual values obtained by energy dispersive analysis. 

over an extremely wide range. Although four kinds of 
chlorite having different chemical composition were 
examined with the transmission electron microscope, 
it was difficult to differentiate one species from another 
from their morphology or electron diffraction patterns. 

Al-chlorite,  AI-Mg-chlorite and Mg-chlorite have 
similar spectra differing only in the relative quantities 
of magnesium, aluminum, silicon and iron. However,  
these chlorites may he differentiated from each other 
on the basis of Mg-A1-Si ratios. Fe-chlorite,  on the oth- 
er hand, differs significantly from the others due to the 
presence of a magnesium peak and large iron peak. 

Semiquantitative determination of 
chemical compositions 

The incident electron beam on a specimen generates 
characteristic X-rays of elements present in the speci- 
men. The intensity of the generated X-rays is indicated 
by the following equation: I = KpW; where K is a con- 
stant, p is the incident beam intensity, and W is the 
mass of the element in the irradiated area. In electron 
microprobe analysis of a thin film, the correction value 
for X-ray intensity is negligibly small, when the incident 
electron beam is focusabte on a very small area. The 
analytical electron microscope is capable of acquiring 
an X-ray spectrum from particles less than 200/~ in 
diameter in approximately 100 seconds. Marshall and 
Hall (1968) reported in their electron microprobe anal- 
ysis of thin films that the concentration of an element 
can be obtained by measuring its characteristic X-ray 
intensity, and simultaneously, the intensity of a portion 
of the continuous X-ray spectrum. Consequently, the 
ratio of characteristic X-ray intensity to continuum 

X-ray intensity provides a measure of the concentration 
of an element which is independent of the thickness of 
the specimen. 

In this study, the relative peak intensity ratio of each 
element was calculated from the following equation, 
with the total X-ray intensity in the specified X-ray en- 
ergy range between 0 keV and 8 keV, as constant. 

nl lNa + n12Mg + " '" + njXj + . . .  +na2U 
= K (constant) 

where n~ is the ratio of a net peak intensity obtained by 
subtracting the background intensity, to the total X-ray 
intensity. X-ray intensities and background intensities 
were measured more than 5 times for each specimen. 
The duration of measuring X-ray intensity was 100-200 
seconds per position. The numerical value of K varies 
with each specimen. The value of K in a given specimen 
was obtained after subtracting the water content [H20 
(+) and H20 ( - ) ]  from the total obtained by ordinary 
chemical analysis. Table 2 compares the average peak 
intensity ratios nj of 21 minerals and the values obtained 
from chemical analysis. 

DISCUSSION 

The characteristic X-ray intensity for a given element 
in a sample is only roughly proportional to the concen- 
tration of the element. The intensity is significantly af- 
fected by both instrumental and physical factors. The 
effect of the instrumental factors include the X-ray de- 
tection efficiency and the electron beam potential and 
current. These effects of instrumental variables can be 
minimized with the ratio of the measured intensities of 
the elements in the sample to those in standards of 
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s o  

known composition. The physical factors are depen- 
dent on the sample composition and include the atomic 
number, absorption and secondary fluorescent effects. 
Correction for the atomic number, absorption and flu- 
orescence effects have been developed and are widely 
used for thick polished specimens. Recently Waldl et 
al. (1975) described an empirical method for energy dis- 
persive X-ray microanalysis of ternary and multicom- 
ponent alloy systems. They have introduced the follow- 
ing intensity reduction to eliminate the  influence of 
instrumental fluctuations. 

K i r e  d __ Ii _ Ii 
I t  "~i I t  + Ib 

where Ii is the intensity of the X-ray peak of an element 
i, It is the total measured intensity and Ib is the back- 
ground intensity. 

In the case of very thin specimens, as used for the 
transmission electron microscope, however,  the ana- 
lytical technique for bulk specimens cannot be em- 
ployed simply. Several techniques have been devel- 
oped primarily for the quantitative determination of 
elemental concentration in ultrathin specimens (Mar- 
shall and Hall, 1968; Namae, 1975; Chandler and Mor- 
ton, 1976). Marshall and Hall (1968) showed the con- 
centration of an element could be determined by the 
ratio of the intensity of the characteristic line to that of 
the continuous radiation from the same analyzing point. 
The method proposed by Namae (1975) is simple and 
useful for a very thin specimen, without knowing the 
thickness of the specimens, when the constant K of an 
element is already determined. However ,  it is difficult 
to prepare the specimens in the same thickness as the 
standard, and to determine the constant K of each ele- 
ment in specimens. Since the specimens used in this 
study are thin enough for use with a conventional 100 
kV transmission electron microscope, the activated 
volume by the incident electron beam is v e r y  small 

compared to the bulk specimen. Furthermore they are 
transparent to most of the primary X-rays produced by 
incident electron beam. Hence the matrix effects on 
characteristic X-rays (atomic number effect, absorp- 
tion effect and fluorescence effect) can be neglected. In 
this study the ratio of the characteristic X-ray intensity 
of an element to the sum of the intensities of all of the 
elements in the sample is taken as a measure of con- 
centration of that element. The SiO2 content calculated 
this way is plotted against the value obtained by chem- 
ical analysis in Figure 3A. The average value of indi- 
vidual SiOz content for each specimen is plotted in Fig- 
ure 3B, in relation to the chemical values. Highly 
significant regression was obtained in both cases; 

Y = 0.90X + 2.685 from Figure 3A 
Y = 0.95X + 0.241 from Figure 3B 

These regressions have correlation constants of r = 
0.949 and r = 0.973, respectively. Figures 4A,B and C 
show the energy dispersive results for A1203, total iron 
and MgO versus the values obtained by chemical anal- 
ysis. A linear regression analysis calculated for A1203, 
total iron and MgO gave the following results. Corre- 
lation coefficients are higher than 0.97. 

A1203: Y = 1 . 0 6 X -  1.35 r = 0.981 
Total iron: Y = 1.17X + 0.03 r = 0.975 
MgO: Y = 1.21X - 2.46 r = 0.984 

There is a little lower energy dispersive value for total 
iron and MgO compared to the chemical data. Gener- 
ally energy dispersive results are comparable with 
those obtained by chemical analysis. 

The procedure described here can omit the process 
of estimating thickness of each specimen and deter- 
mining the constant K for each element in the speci- 
mens. Furthermore,  using this method a good corre- 
lation is obtained between the energy dispersive and 
chemical determination for SiO~, A120~, total iron and 
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Diagrams of three component composition fields for asbestos and talc. (A) Energy dispersive results of this study. (B) Chemical analytical 
data quoted from several researchers. 

MgO, which are major  components  of  silicate minerals.  
The principal feature of  this method  lies in its rapidity 
and the good results.  Hence ,  application of  this method  
is considered to be eminent ly  sat isfactory for many pur- 
poses ,  such as character izat ion of  asbestos  in environ-  
mental  and tissue samples.  
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PesmMe- C nOMO~bm TpaHCMHCCHOHHOFO 9~eKTpOHHOrO MHKpocKona,o6opy~oBaHHOrO 
pacceHBa~HM 9HeprHD cneKTpOMeTpOMrCTa~O BOSMO~HbD4 oHpe~enHTb MOp~onorHqec- 
KMetcTpyKTypH~e H XHMMqecKHe xapaKTepMCTHKH OT~e~BHBIX ac6eCTOB~X BO~OKOH H 
rnMHHCT~X MMHepa~oB 6e3 nOBTOpHO~ ~eHTpOBKH O~Opy~oBaHHH. HpHBO~TCH ~aHH~e 
aHa~HsoB 21 BO~HBIX CM~HKaTOBwac6eCTOB H r~HHMCThIX MMHepa~oBrno~yqeHH~X C 
~OMO~SD O6~qHblX XHMHqecKHx H PacceHBaD~HX 9HeprHD MeTO~OB. Pesy~bTaT~ HC- 
HO~BSOBaHMH pacceHBaD~HX 9HeprM~ MeTO~OB 6biUM COHOCTOBHM~ C pesy~BTaTaMM 
XHMHqecKMx aHa~MSOB.~PMMeHeHHe 9TO~ ~po~e~yp~ ~H MsyqeHH~ ac6ecToBbD~ BO~O-- 
KOH ~oKasa~o ero ~paKTMqHOCT5 M ~pHFO~HOCT~ ~H Ho~yqeHH~ xapaKTepMCTHKH 
ac6eCTOB B ~pHpo~Hh~X H TKaHeB~X 06pas~ax. 

Kurzreferat- Indem ein Transmission-Elektronen-Mikroskop, ausgestattet mit 
einem Energie-Streuungsspektrometer, benutzt wurde, war es m6glich, die mor 
-phologischen, strukturellen und chemischen Eigenschaften von einzelnen As- 
bestfasern und Tonmineralien zu ermitteln, ohne die Apparatur wieder zu ei- 
chen. Eine schnelle und bequeme Methode fur semi-quantitative Analyse wird 
vogeschlagen. Analysenresultate, erhalten dutch allgemeine, chemische und 
Energie-Streuungsmethoden, fur 21 wasserhaltige Silikate, Asbest und Tonmi- 
neralien sind angegeben. Die Resultate der Energie-Streuungsmethode waren 
vergleichbar mit denen, erhalten durch chemische Analyse. Anwendung dieser 
Prozedur auf Asbestfasern, hat bewiesen,daB diese Methode praktisch und 
brauchbar fur die Charakterisierung von Asbest in Umwelt-und Gewebeproben 
ist. 

R~sum~-Par l'emploi d'un microscope ~lectronlque ~ transmission ~quipp~ d' 
un spectrom~tre dispersant l'~nergie,il a ~t~ possible de d~tec~er les cara- 
ct~ristiques morphologiques,structurales et chimiques de fibres d'asbeste in- 
dividuelles et de min~raux argileux sans r~aligner l'~quipement.Un proc~d~ 
rapide et commode pour l'analyse semi-quantitative est propose. Des analyses 
sont donn~es pour 21 silicates hydrat~es,asbestes et mineraux argileux,~ la 
fois par des m~thodes chimiques ordinaires et des m~thodes dispersant l'~ner- 
gie.Les r~sultats des m~thodes dispersant l'~nergie sont comparables ~ ceux 
obtenus par analyse chimique. L'application de ce proc~d~ aux fibres d'asbeste 
prouvent que cette m~thode est pratique et valable pour la caract~risation 
d'asbeste dans les ~chantillons de tissu et du milieu ambiant. 

https://doi.org/10.1346/CCMN.1978.0260301 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1978.0260301

