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ABSTRACT

This Research Project 1s concerned with the application
of X ray diffraction techniques to the Union Intgrﬁationale Contre le
Cahcer.(U.I.C.C.) standard reference samples of asbestos. (1) The
experimental techniques addpted are based upon methods employed by
Crable (2) and Crable and Knott (3). However, in the present work
the samples examined have consisted of fibres in the respirable range
k(i.e. of lengths from 0.2p,m to 20Q/Lm).

| Therinvestigations ﬁeré dividéd into three sections:

1) A study of the X ray diffraction patterns of the asbestos
samples using Eoth X ray diffractometer and powder camera.

2) An examination into the possible application of the two U.I;C.C.
standard reference samples, Crocidolite and Anthophyllite, as
internal standards in X ray analytical methods.

3) The examination of the X ray diffraction pattern of fhe dust

- ~collected from an asbestos worker's lungs and the use of the

U.I.C.C. standards as internal and externai standards.

Experimental evidence is produced to show that absorption
effects control the maximum Crocidolite content of the samples which can
be used in X ray anélysis. This is supported by theoretical consider-
ations.

The main conclusions which can be drawn from the work are that
within specified limits, X ray diffraction techniques can ailow guan-
titative analysis of asbestos in dust samples, and that the use of
Anthophyllite and Crocidolite as internal or external standards in lung
dust samples presents problems, which are not evidernt from the results
obtained from the experiments on the U.I.C.C. samples. AThe work éhows
the need for further refinements of the X ray diffraction technique and

the examination of mary more lung samples.



INTRODUCTION

It has been shown that heavy exposure to asbestos dust can
cause lung disesses such as fibrosis, bronrchial carcinomz snd a special
kind of cancer called mesothelioma which affects the lining membrane of
the lungs (pleura) or that of the abdominel cavity (peritoneum).

These heslth hazards are presented by the industrially important types
of asbestos, Crocidolite, Anthophyllite, Amosite and Chrysotile. This
danger to health has stimulsted interest in wmethods for monitoring the
dust levels, for ascertaining the types'involved (in certain industrial
processes several varieties of asbestos may be used) and for determining

the type and quantity present in human lungs obtained at necropsy.

1. . U.I.C.C. Standard Reference Samples of Asbestos

To assist in the international study of the biological effects
of asbestos, the International Union against Cancer (U.I.C.C.) (1)
initiated the preparation of samples of Crocidolite, Amosite, Anthoph-
yllite and Chfysotile. These samples consist of fibres of respirable
size and are intended to be typical of the various types of ashestos
fibre found in industry. They provide research workers with reference
standzrds in inoculation and inhalstion experiments and encsble better
comperisons to be made between the results obtained from separate

research lsboratories.

1.1 The principles of X ray diffraction methods

The diffraction of X rays in crystals is essentially a
scattering pheromenon in which large numbers of atoms particirpate.

These atoms are arranged periodicslly on the crystal lattice and the



rays scattered by them have phase relctionships between them such
that constructive inteiference takes place and diffracted beams are-

formed when the Bragg condition 2d. ., .Sin® = nA is satisfied, where

hkl

d.hkl is the interplanar spacing, © the angle of diffraction, N the

wave length of the Xradistion and n an integer (see Fig.1).

1.1.(a) The Powder Camera

The crystalline material to be examined in the powder camera
is reduced to a fine powder which is coated uniformly on & glass needle.
The needle is then placed centrally in the cawera and thé sample
irradiated by a beam of monochromatic Xradiation. Each powder particle
is a small crystal, randomly orientated with respect to the incident
beam. With a large nﬁmber of such crystals diffracted beams, from
every set of lettice planes in the maiterial, will be present in the
form of diffracted cones of radiztion. The position end intensity of

,the,diffracted beams is recorded by mesns of a strip film,(see,Fig.Z).,”

1.1.(b) The X ray diffractometer.

Basicelly, a difffactometer is similar to the powder camera,
except that a moveable counter replaces the strip of film and the
intensity of the diffracted beam is measured in terms of the ionisation
it preduces in a gas. The counter is positioned on the circumference:
of a circle centred on the.specimen. The specimen in this work was
fibrous and was compzcted into the form of a thin, flat, circular

disc (see Fig.3).

1.2 The aims of the proiject

The purpose of the research project is to determine the
suitability of the U.I.C.C. asbestos samples as reference standards in

the X ray diffraction analysis of lung dust, which contains asbestos fibre.



Fig. 1.

Diffraction of X rays from a
crystal.

Bragg condition 2dhklslne = nA\

Fig. 2

A schematic diagram of the film
position in relation to the
incident beam and specimen in
the Debye-Scherrer powder camera.
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A schematic diagram of the X ray
diffractometer.



For thia purpose a series of experiments has been designed,
using the X ray diffractometer and the powder camera, in which the X ray
diffraction cheracteristics of each asbestos type are examined and the
results zpplied to *the anclysis of dust cellected From an aébestos
worker's lungs.

The first experiment exsmines the X iay diffractior pattern of
eanch U.I.C.C. sample end compares the height and angulasr position of the
diffraction peaks of one patteran with those from the other patterns.

The results show that Crocidolite ané Anthophylliiile sre the most ezsily
distinguished and for this reason the subsequent investigations have been
concentrated on these amphiboles.

In thersecond experiment the diffractometer is used to determine
the diffraction response from the separate samples of Crocidolite and
Anthophyllite, in terms of the peak height of a selected diffractionA
peak ané the area beneath it, as a function of the sample wéight. An
additional investigation to determine the senéitivity of each diffraction
method is included at this stage.

kThe simulation of samples collected from an industrial environ-
ment folloﬁs and is accomplished by mixing Anthophyllite and Crocidélite
in certain fixed weight ratios, the form of the response being explained
using the results of the dif'fraction work on the sepsrate samples of
Crocidolite anc Anthophyllite

The study is concluded by determining both the type and quantity
of asbestos dust in a sample taken from an asbestosvworker's.lungSat
necropsy. The types of asbestos present are established by comparing
the diffraction pattern of the lung dust with the diffraction pattern

of each U.I.C.C. sample.



The patterns obtained from both diffraction methods show that
Crocidolite and Amosibe pre present.

The quantity of Crocidolite present is determined by
introducing a known amount of U.I.C.C. Crocidolite into the sample and
relating the response obtained from a given Crocidolite diffraction
peck to the response of the same Cfdcidolite peak in the lung dust alone.
This result is checked, using the X'ray diffraction response/sample
weight relationship for Crocidolite, established in an.earlier experimént.

Eoth methods will show that approximately 240 ug of‘Crocidolite
is present in a 12 mg lung,dust sample and to assess the total quantity
of this asbestos type which was present in both the lungs, reference is

made to the work of Knox and Beattie (28) who have shown that on average

the mineral dust contained in both lungs of an aébesfdtic péfieﬁt amounts
to 0.4% of the dried lung. Therefore, with en assumed dry Weight of
300-400g for lungs hilum and pleura, the total amount of minerai dﬁst
would be of the order of 1.5 to 3g, avfigure which is in good agreement
with the data of Sundius and Bygden (29). It will be seen that if this
quantity of mineral dust is considered typical, then the lung sample

under examination contains between 30 and & mg of Crocicdolite. -

2. Asbestos

Asbestos is a name applied to an industriszlly important group
of naturally occuiring fibrous silicate minerals. They are all incombust-
ible and occur in different chemical forms. They are all of a fibrous
nature end the fibres can be opened mechanically.

It is recognised that there are six varieties of asbestos which
are derived from two groups of rock forming minerals, the amphiboles
and the serpentines. Crocidolile, Amosile, Anthophyllite, Tremolite and
Actinolite are the asbestiform materials which form the amphibole group

whilst the remaining asbestos mineral Chrysotile belongs to the serpentine

group.



2.1 The crystallographic nature of the amphiboles

Amphibole asbestos minerals 6ccur in both fibrqus and non-~
fibrous forms. The minerals have perfect prismatic cleavage (see Fig.4)
with a cleavage angle in the range 540—560. Their range of chemical
composition is large and with one exception, Anthophyllite, éll
crystallise in moﬁbclint form.

The X ray structural analysis of the amphibdle Tremolite,
(CazMg5Si8022 (OH,F)z) by Warren (4) produéed a crystallographic model
which has characterised all amphiboles. The model is based on a double

chain structure (Si ) which results when two single chains of linked

4011

tetrahedral groups are side by side with the apexes of the Si0, tetrahedra

4

all pointing in the same direction. These double chains are bonded
together laterally by planes of cations, the individual cations within a

grour being designated as M1, M2, M3 and M4.

In amphiboles the most prominent cations whick can occupy these

3+

M sites are-Fe2+, Fe

INEARE TR

, Mg2+, Na+ and Ca2+, although smaller amounts of
, K+ and Li+ may OCCur. |
The repeat structure along the fibre length, i.e. the 'c¢' axis,
is approximately 5.32 for all amphiboles. (See Figs. 4, 5 and 6.)
Warren also showed that all amphiboles contain an hydroxyl ion
(OH) as an essential constitﬁent to the extent of one (0 H) radical to

eleven oxygens, thus confirming earlier work by Schaller (5).

2.2 The Structural basis for the differentiation between Crocidolite

Anthophyllite and Amosite

X ray diffraction studies by Vermaas) (6) on Amosiie, Whittaker (7)
on Crocidolite and Warren and Modell (8) on Anthophyllite (see Fig.6)
established their crystallographic structures. The work indicated the

orthorhombic form of Anthophyllite, the monoclinic form of Crocidolite and
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Amosile and showed that, to differentiate between the amphibole forms,
a study of the ions occupying the cation sites must be undertaken.
Whittaker (9) suggests that the chemical formula for amphiboles

should be expressed in the general form X (OH F) where

2-3 5 8 22

X represents a mono or divalent cation having a radius in the range
0.783 (Mg) to 1.33 2 (K) and whict occupies the M4 site.
Y represents a divalent or trivalent ion having a radius in the range

0.57% (A1) to 0.912 (Mn) and whic!. can occupy the 2M,, 2N, and M, sites,

3
- and Z represents Si mainly but can be replaced up to epproximately 25% by

trivalent ions witlh radii wp to 0.67% (Fe?'). 1In addition, all the X

and Y sites of the orthorhombic amphibole Anthophyllite are occupied by

2+

Mg~ Dbut the Mg ions at M, and M3 are replaced by F62+,up to

1
Mg2 (Mg2 Fe ) 818 22(0H) as these ions in the inner posgitions have

1ittle influence upon the stacking of the bands. Beyond this composition

the large Fez+ ion substituting in sites M, and M, results in a monoclinic

2 4
cell, This suggests an iron boundary of 43% between Anthophyllite and

Cummingtonite (Mg Fe2+)7 §140,,,(0H).,.

8722
Whittaker also indicates that Ca, Na and K ions are too large to enter the

M4 site in Anthophyllite.

For monoclinic amphiboles it is suggested that the transition from

orthorhombic to the clino - form occurs with 4Fe2+, which being the larger

cations occupy the M4 site. The smaller cation Fe3+

the order of decreasing size being followed with M1 occupied by F92+ and

must then occupy Mz,'

iy by Mg 2% as in Crocidolite.

From these rules devised by Whittaker it can be seen that a change
in the ionic radius at M4 leads to a new variety whereas replacement of M1

and M, leads to a series of solid solutions. M, behaves in an intermediate

3 2

manner; Thus Crocidolite will take Mg or Fe2+ as M1 and M3 but will not

tolerate much replacement of Na or Fe3+ in positions M4 and M2‘



Crocidolite is therefore isolated ffom Amosite and Anthophyllite. For
Anthophyllite a smell change of radius from Mg to Fe2+ in the M4 position
will lead to a phase change to Amosite. The structural relationships
between Am&site, Crocicclite anc AnthOphyllite‘are shown in tabular form

in Table 1.

2.3 Structure of Chr?sotile

Chrysotile, a fibrous form of the mineral serpentine, is a
hydrcus magnesium silicate having a composition represented by the
chemical formula Mg6Si4O1O(OH)8. Although Chrysotile is fibrous its
crystallographic structure is of a layered type very similar to that found
in the clay mineral kaolinite (A14314O1O(0H)8).

(Warren and Herring 1941 (10), Aruja 1943 (11) Whittaker 1953 (12) )

The nature of the X ray diffraction pattern obtained fromr a group
of Chrysotile fibres led Pauling (13) to propose that the macromolecule of
Chrysotile, which consisfs of parallel sheets of brucite. - silica layers
would have a tendency to curl as the dimensions of the brucite (Mg(OH)2)
are greater than those of the silica sheet. With Chrysotile the curvature
of the layers is complete and Whittaker (14) has described cylindrical lattices |
which involve spirals, concentric cylinders and helical arrangements.

Chrysotile appesrs in three forms (Whittaker and Zussman (15) )v
Orthochrysotile (;3: 900), clino chrysotile 95 = 930 16') and para
chrysotile g[?= 900). In clino chrysotile (the most common variety) and
ortho chrysotile, the fibre axis is parallel to the 'a' axis of the unit cell
whilst the relative posivions in the 'b' direction vary from point to point

along the curve thereby limiting the growth in this direction.

3. Quantitative X ray diffraction analysis.

A crystalline substance always produces an X ray diffraction pattern
which is characteristic of the substance. This is the case whether the

substance is present in the pure state or as one constituent of a mixture of



substances. Such a situation lends itself to analytical identification
in crystalline structures particularly as the intensity of the pattern
of each ccmponent is proportional to the quantity of that substance present,
allowance being mede for absorption.

| This forms the basis of an analytical method developed by Clark
and Reynolds (16) for the determination of quartz in industrial dusts.
In this method, known as the internal standard technique, a diffraction
line from the phase beirg determined is compared with a line from a stan-
dard substance mixed with the sample in known proportidns. This inlernal
standard method is consequently counfined to samples. in powder forn.

This early work was carried out using the X ray powder camera,

the diffraction line intensity on the film beirng measured with a
microdensitometer. With the introduction of thke Geiger Counter to
spectrometry in 1945, the deficiencies of the photographic method were
overcome and extensive research into the various aspects of quantitative
diffraction analyéis was carried out by Brindley (17), Taylor (18),

Klug (19), Klug and Alexander (20) and Klug, Alexander and Kummer (21).

3.1, The theoretical aspects of X ray absorption in the guantitative

diffraction analysis of powder mixtures.

The mathematical mleationship between the diffracted intensity
and the absorptive properties of the sample was first éstablished by
Alexancer and Klug (20). The main points of the thecry will now be
summarised.

Their initial assumption was that the sample was a uniform mixture
of n compornents and that the perticle size was so small that the decrease
in the intensity of the diffracted beam due to increase of crystal perfection

- was negligible. A further assumption was that micro-absorption, an effect

due to the different sizes of the particles forming the mixture and the



differences in their linesr sbsorption coefficients, was also negligible.
In additicrn, Lre sanple would be sufficient togive maximum diffracted
intensitier. This limiting thickness was based on theoretical calculations
of Taylor (18) (see Appendix A).

Alexander and Klug considered a powder sample consisting of n
components and irradiated by an incident X ray beam of cross sectional area
A impinging upon the sample at an ahgle S.

Witk such a powder sample the total intensity of X rays diffracted

by the component of the mixture by some plane (hkl) is given by

I. =K.f,
i ii

}l

(see Appendix B, Equation 3)

where Ki is derendent upon the nature of component i and geometry of the
apparatus, fi is the fraction by volume of the i th component and}J is the
linear absorptioh coefficient of the powder mixture.

If X5 is'the weight fraction and ei the density of the i th component,

it may be shown that

= K5 X;L/(’i

Fi

— x,

Q i

i
A mixture of n components is regarded as if it consisted of just

two components, the component to be analysed for, component 1 and the sum
of the other components, which may be called the matrix and is referred to
by subscript M. It is found that for component 1 {the resuvltant intensity
is given by the expression

X

K
(1 (Hr 7~ Py o+« P
L Pu Pu

which is the basic relationship underlying quantitative diffraction analysis

with the X ray spectrometer.



4. Application of X ray diffraction analysis te the determination of

ssbestos minerals in industrial dust
Cruble and Crable and Knott (2, 3) have develorec new techniques
for the yuantitative determination of ashestos minerals in industrial dust,

which are based upon the theory outlined in the previous section (3 and 3.1).

4.1 External standard methcd

In Crable's method separate quantities of the incdustrial dust to
be examined, pure Chrysotile, Amosite and Crocidolite, were each subjecfed
to preliminary screening and grading in order to provide fibre lergths of
less than 3.5’pm, confirmation of this upper size limit being determined
by electron microscopic examination. Samples of each material were then
separatély mounted on filters (22) and their diffraction patterns obfained.
The presence or ébsence of asbestos in the industrial dust was confirmed
by comparing its diffraction pattern with those of.the pure Chrysotile,
Crocidolite and Amosite.

To enable quéntitative measurements to be made on the industrial
dust, a relationéhip was established between the area beneath a selected
diffraction peek in the diffraction pattern of a given asbestos type
and the quantity of that particular asbestos deposited on the membrane
filter. For Chrysotile the sample weight range was 1-10 mg and for Amosite
and Crocidolite 1-8 mg.

Crable shows that for these sample weight ranges the relatiqnship
is linear.

If the presence of asbestos was established by the initial diffrac-
tion scan, a quantitative measuremert was made by measuring the areas
beneath the most intense asbestos diffraction peeks iﬁ the dust sample and
the areas beneath the corresponding peaks in the diffraction patterns from
the pure asbestos.

To evaluate the method, a series of samples was prepared, each



conlaining u.known percentapge of an asbestos type. For example,
Crocidolile with fibre lengths lest: than 3.5 pm was mixed in known proportions
with diatomaceous earth whilst in a second experiment the Crocidolite
was mixed with Chrysotile whose fibre lengths were also less than 3.5 Jm.
In a third experiment Chrysotile was mixed with kaolin.' The kaolin and
diatomaceous earth were examined with the diffractometer prior to the
commercement of the experiments in order to confirm that there was no
correspondence of pesk positions with those of the asbestos minerals.
For the prepared mixtures the mean recorded value of the
asbesfos was found tc be 95.29% of the true value. In an entifely
separate‘measurement the mean recovery of Chrysotile from airborne

dust was 95.9% for sample weights in the range 3.5 - 12.2 ng.
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.

An examination of the X ray diffraction pattern for each

of the U.I.C.C. standsrd reference samples

The examination of the X ray diffraction pattern for each of
the U.I.C.C. asbestos types, by means of the X ray diffractometer and
the powder camera, was necessary in order to establish the angular
positions of their principal diffraction peaks and the values of the

correspondivg d

k1 spacings. The results obtained fror: these examirations

made it possible tc select ihe most suitable peaks for each asbestos
tyre, which cculd then be used in subsequent quantitative X ray
diffraction on any asbestos bearirg dust.

The Union Internationale Contre 1e’;Cancer (U.I.C.C.) standard

referenée éémpieérofraséestdérhavé been rrepared by Timbrell and Rendall (23)
frem the firvest commerciel grades of Crocidolite (South Africa), Amosite |
(South Africa), Anthophyllité (Finland) and Chrysotile (Canada and
Southerr. Rhodesia). Nsutron activation (24) and chemical analyses
(See Tables 7 and 4) on these samples have revealed the presence of fairly
large amounts of iror in Amosite and Crocidolite. In X ray diffraction
work the use of copper Ka radiation causes an increase in the backgrounc
radiation due te fluorescence of any iron in fthe substance under examination
and so, in the present study, & reductiorn of this background has. teen
effected by using Cobalt Ka radiation.

Independent examinations of the X ray diffraction patterns of
the U.I.C.C. ashestos samples have beer made by the Pneuvmocoriosis
Research Unit at Johannesburg (25) and by the present author in the
Applied Physics Department of Sheffield Polytechnic. The experimental
prccedure adopted in both cerntres wss broadly similar, but the sources of
radiction were different. In tlke present work, Cobslt Kz radistion was

used instead of Copper Ka for the reason stated. This was used in
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using an kvery tensile testiing machine, then pleced in an aluminium
nolder (see Pigs 10 and 11) and subjected to Cobalt Ka radiation. In
the second wethod, fibres of the asbestos were dispersed ulstrasonically
in a solution of distilled water and Triton X100 and fixed'aliquots

. drawn through a millipore‘filter upder a pressure of a few millimetres
of mercury, (see Figs 12 and 13). The fibre deposit was then dried and
irradiated,'initially with Cobalt Ka radiation and in later work with

Copper Ka.

T.4 Sample compression method

Initial X ray diffraction scans on a looselj packed sample of
Anthophyllite pleced in the diffractometer, produced a poor diffraction
responsé, even though the sample was repacked a number of times.
Compression of the specimen improved the response and investigations were
carried out to see how much further improvement could be realised by
increasing the compressive force from simple hand compression to 0.7 ton f,
the latter being applied by means of the Avery tensile tester.

In this experiment, six samples each weighing 300 mg were
subjected to loads which increased from 0.1 ton f to 0.7 ton f, each load
acting on the specimen surface areé of 2 cm2 for 2 minutes, After each
compression, the sample tablet formed was removed and placed in the X ray
diffraction unit. The Cobalt Ka radiation, diffracted from the (ggl) and
(610) crystallographic planes having corresponding dhkl spacing values of
3.112 and 3.04ﬁ respectively, was sélected for examination. The scanning
speed was 0.1250/min and the slit combination consisted of a 1°‘divergence
slit and a 0.2 mm receiving slit.

An inspection of the results contained in Tsble 6 fail to show
a clearly defined relationship between the applied load and the resulting
Anthophyllite diffraction pesk. (The ratio of the diffraction peak heights

from the (gé}) and the (610) reflection planes does however remain constant).
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selected for quantitative determinations had 'd ' values corresponding

421
501

1 relationship between the weight deposited on the filter and the peak .

nkl
) and 3.04% (610) respectively. To establish

to 9.308 (200), 3.118 (
height and area beneath the selected peaks, five separate weight
deposilions were considered and for accuracy six samples of each of ‘these
selected weights were prepared and the mean value'of the weight, éeak'
height and éréa beneath the’peak measured for each depositioﬁ. The range
of sample weight considered in this experiment, was between 0.44 mg and
3.08 mg.

‘Graph 2 shows the linear relationship which was found to exist
betweern the mass.of Anthophyllite depbsited and fhe peak height ot the
selected peaks wnilst Graph 3 shoﬁs the iinear relationship betweern the

area beneath the selected peaks and the sample weight.

T7.5.3. Crocidolite Specimens

The preparation of Crocidolite specimens was exactly the éame
as described for Anthophyllite but in this case seven values of.mass
deposition were prepared in the range 1-12 mg. A qualitative scan of the
Crocidolite sample showed three peaks with dhklspacing values corresponding
to 8.438 (i10), 3.128 (3i0) and 3.258) (240) respectively which were
suitable for quantitative analysis.

Both graphs 4 and 5 show that in the weight range considered the

L= 3.128) -

linear portions of both peak P1 ( 1 = 8.43%) and peak P4 ( d .
lie between 1 mg and 5 mg. Beyond the upper limit of this linear region
the count rate per milligram falls appreciably. COmpression of a set of
samples only served to increase the peakleight in all cases and fesuited
in a similarly shaped graph but one which was displaced vertically (see
Graph 4).

The thickness of each of the Crocidolite fibre deposits was

measured using a Vickers "55" optical microscope. (See Tables 10 and 11).



The series of thickness measuremenfs taken diametrically
across the sample surface showed that the face of each sample was concave,
the radius of curvature increasing with specimen weight. This non-uniform
packing of the fibres gave rise to errors in the thickness measurements
which increased with sample weight. The magnitude of these errors can
be séen in Graphs 6 and 8a. Fig. 14 shows the nature of the Crocidolite
sample‘surface and the random nature of the fibre orientation. The'/
photograph also indicatés why many measuremernts had to be taken across
the sample surface in order to obtain a representative value of sample
thickness.

_For Anthophyllite the samples were so thin even for thé heaviest
specimen, that the measurements were unreliable. This thinness is inexplicable
as the sample preparation for Crocidolite and Anthophyllite was identical
andAexamination of fibre length and diameter measuiﬁents does not reveal
a reasonvfor this situation.

One difficulty experienced with both samples was in détermining

the most representative 'top layer' of fibres on which to focus the

microscope.

T.0 sSample weight iimitations in the X ray diffraction ﬁeasurements

It was desirable to determine the effective range of sample
weights which can be examined in thevX ray diffractometer and in the powder
camera.

For this purpose in the diffractometer, methods were adopted

7.6.1. to determine the upper limit

The maximum weight of specimen which could be deposited on
the millipore H,A. 0.45 Pm.type filter was approximately 12 mg. Beyond
this level of deposition difficulty was.experienced in drawing the sample
liquid through the matt of fibres already deposited using a water jet

vacuum pump. Section 7.5.2. deals with the X ray diffraction response from
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such a specimen mass and shows that adequate response was obtained for

quantitative work.

7.6.2. to determine the lower limit

For specimens whose weight was less than 300ME& the diffracted
‘ pesk intensities were too low for adequate quantitative ﬁeasuremenfs to
be carried out. Optical examim tion showed that the fibres, which were
iying in a random orientation relative to each other, were well separated
with &ery few fibres superimposed one on the other.

In order to improve the response, the packiﬁg density of %heb
fibres was increased by introducing a throat inside the millipore filter
funnel which reduced the effecfive sample area from 2 cm2 to 0.6 cm2.
Dispersed samples of 300, 200, 100, 50, 25 and 10‘pg of Anthophyllite and
Crocidolite were preparéd in the way described (see 7.5,1) and deposited
on a reduced area of filter. The filters were fixed td glass slides and
scanned in the diffractometer at 0.125° per minute. The ratio of the héight
of the selected diffraction peak to the level of the background~radiation
(peak/background ratio) was measured and the results givern in Table 14 and
in graphical form on Graphs 9 and 10. Improved response.was obtained and
an effective lower limit of approximately 10}pg was attained.

In the powder camera, the same range of sample weights was used
in determining the lower limit of detection. Each sample was mounted on‘a
thin-glass needle and photographed ﬁsing Copper Ka and Cobalt Ka radiation.

A lower limit of approximately 4‘pg was found in this case.

8. A discussion of the use of X ray diffraction for the analysis of

Anthophyllite and Crocidolite samples

The reiation between sample weight and X ray diffraction response for

@

separate samples of Crocidolite and Anthophyllite

8.1.1. Crocidolite
The relationship between the weight of Crocidolite sample and the

corresponding diffraction response of the two peaks Pi and P4 fall into two



two weil—defined parts. The first part shows a linear relationship up

to approximately 5.0 mg (see Graph 4) and thereafter the increase in
response is reduced for further increases in deposited masses. The sudden
reduction in count rate per milligram from 90 cs_'lmg;i implies that no
useful purpose is served by exterding measvrements beyond 5;0 ng.
¢ompression of the fibre deposits yield higher iniensity values for each

Crocidolite sample used but. the graph'again shows a levelling off above

8.1.2. The depth of X ray peretration into the Crocidolite sample

As explained in the previous section, there is a decreaéed
response -for higher weights of samples and this is alsc found for area
measurements as shown in Graph 5. An explanation of this has been sought
by considering the depth of peretration of X’rays into the different
samples. A theoretical discussion of this is given in Appendix A. This

treatment yields the relation

1 = | 1
&R T

where Gx is the ratio of the diffracted intensity from a specimen of
thickness x - to the intensity from an infiniteiy thick specimen, Qi is
the packing density and 0&@ ) the mass absorption coefficient. From
Graph 4 it is possible to estimate the peak height response expected
.from an infinitely thick sample. This can then be used to calculate the

value of Gx for the Crocidolite peak P, for each single thickness used.

1
Since the packing density is known for each sample the above relation
can then be used to calculate the theoretical value of X ray penetration
into each éample. This is illustrated in Graphs 7a and Tb for compressed
and un-compressed samples.

Graph 8a shows the variation of Gx against the actual specimen

thickness and it is apparent that although the formsof the graphs are

similar, the actual sample thickness is much greater than the calculated



value. This is also shown in Graph 8c where the log 10 ‘1/(1—Gx) is
plotted against the peretration depth for va;ious packing densiiies in

the measured range. The variation of log 10 1/{(1-Gx) with actual specimen
thickness is also shown and seen to corréspond well to a theoretical

curve of assured packing density 0.19 g cm—3. |

As previously stated it was difficult to measure the packing:

densities accurately and graph of log 10 ! plottéd against the
i1-GX5

penetration depth for an assumed ﬁacking density of 0.19 gcm—3 lies out-

side the experimental error of measurement and is unexplained.

8.1.3. Anthophyllite

The sample weight, diffraction peak response for Anthophyllite
is linear (see Graphs 2 and 3) over the sample weight range considered,
i.e. between O and 3 mg. Calculations of X ray penetration are frustrated
by the inability to measure the specimen thickness accurately for the

range of sample weights and it would appear that much heavier dépdsits are

required.

8.2. . Sources of error in the measurement of diffraction peak heights
and the area beneath the peaks

8.2.1. Background radiation and its effect on he experimental results

The peak height responses from Anthophyllite and Croéidolite
were increased by a factor of approximately 2.5. when the samples were
subjected to Copper XKa radiation instead of Cobalt Ka. This improved res-
ronse was however accompanied by an increase in the level of background
radiation caused by the fluorescent radiation from the iron element‘present
in both amphiboles.

With more than thirty diffraction-scans available for analysis

from each asbestos type a description of the X ray diffraction pattern

obtained for each amphibole must be corsidered in terms of the average



values, as each pattern showed variations in background radiation
level and peak height values.' Fig. 17 shows a typical diffraction
pattern for Anthophyllite.

Anthophyllite has four prominent peaks which have been denoted
as P1, P2, P4 and P5. The varying background radiation level on either
side of peaks P4 and P5 (See Fig,18) combined with the slight overlap
which occurs between the peéks, incur an error of 1% in the assessment
of the true peak height and area beneath each peak.

For Crocidolite; the prominent diffraction peaks are well
separated from one another (See Fig.17), the accompanying background

radiation level remaining constant at 130cs—1.

8.2.2. The area of specimen irradiated.

With the exception of the work described in 7.6.2. the samples
used in this work were always deposited on a 2’cm2 area of the millipore
fiiters. The cross sectional area of the X ray beam which fell on the sample
was 2.2. cm2 (at 28 = 180) being of rectangular form having dimensions
1.1 em x 2 cm. This condition meant that the X ray beam would not fully
cover the asbestos sample (see diagram 1). To ensure that an equal area
gf each sample was irradiated, lhe samples were always placed in. the diff-

ractometer unit in the manner shown in diagrams 2 and 3 exposing a surface

area of 1.468 cm2.

The error involved in positioning each sample in the diffractometer

+ . . ' . »
was - 0.1 cm. An increase in x of 0.1 cm gave an exposed surface area
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increase of 6.4% whilst a reduction in x of 0.1 cm gave a percentage
curface area reduction of 10.55%

For the separate samples of Crocidolite end Antnophyliite,
variatious in diffraclion peak height values occur, within each group
of six samples at any given weight, [or all ithe peaks cousidered. - For
quantitative purposes the mean values of peak height counts and_areas
have been considered and included with the standard deviatioris in Tabies
8 and 9. Increasing or decreasing the irradiated surface area of thé
sample by the stated percentages means greater or smzller contributions
to the peak neights and areas beneaih these peaks. If these perceniage
variatlions in exposed surface area are applied to the‘reéults in Tables
8 and 9 it is seen that a possible explanation is provided for the

deviations which occur.

8.2.3. The consideration of sample weights below 0.% mg

-

The 1imit of response using a 2 cm2 sample area was reached
for a sample weighl of approximateiy 0.3 mg (sée 7.6.2.) To observe
diffraction responses Irouim sample wéights lower vhan ihis.value the area
over whiéh the sample was deposited was reduced to C.6‘cm2, an area
adequately covered by ihe irradiating X ray beam. For lhese samples the
sarple weight peak height relationship was no longer directly related to
those obtained from the samples deposited on a 20m2 area.

The shape of the graphs for Anthophyllite and Crocidolite

(see Graphs 2, 3 and 4) cannot be predicted below_0;4 mg for Anthophyllite

and 1.35 mg for Crocidoliie, withbut the support of further experimental

measurements in this region.

8.2.4. The relative importance of the experimertal errors.

By comparison with the magnitude of the error which could be
introduced by the inaccuracy of sample positioning in the diffractometer,

the contributions from the background radiation and change in filter weight

with humidity, are relatively small. Whilst this assessment is true for



the unmixed amphibole samples and for the directly weighed samples, it
omits an important factor which is present in the aliquot preparation
method.

A test applied to twenty-one samples prepared by the;aliquot
methocd showed that although each sample weight should have been identical,
there was, in fact, a 3% standard deviation from the mean value. Such
a deviation must be considered as serious, as the inaccuracy of sample
positioning in assessing the accuracy of the results from the éliquot

sample preparaticn technique.



9. X ray diffraction measurements on prepared blends of

Anthophyllite/Crocidolite samples

9.1 Preparation of 3tandard compositions by the direct weighing

method

Samples of Crocidolite and Anfhophyllite were weighed and mixed
for each composition to give a Crocidolite/Anthophyllite rafio of
100% Crocidolite, 80% Crocidolite 20% Anthophyllite, 60/40; 40/60, 20/80
and 100% Anthophyllite. The total weight of each sample was 10 mg. Each
sample was theﬁ dispersed in 100 ml of distilled.water to which a small
quantity of Triton-X-100 had been added and the solution agitated
thoroughly using the ultrasbnic drill. The fibres were‘then deposited on
the millipore filter and the sample and filter dried at 60°C for one hour
as béfore.

The whole process was carried out three times for.each composition

to obtain a representative value.

9.2 Preparation of standard compositions by the aliguot mixing method

50 mg of Anthophyllite and 50 mg of Crocidolite were prepéred and
each quantity pleced and dispersed ultrasonically in separate 500 ml
volumes of distilled water and Triton X-100. |
Predetermined volumes of thé separate sample solutions were then
mixed to give 10 mg samples having identical ratios of Crocidolite/Anthophyllite
as were obtained in 9.1. Again three.samples were prépared for each

pre-selected ratio, giving a total of eighteen samples.

9.% X ray diffraction patterns  of Anthophyllite and Crocidolite

For the samples obtained from the methods described in 9.1 and
9.2 both Copper Ka and Cobalt Ka radiation were used and a single
well-defined peak, selected from the X ray diffraction pattern of
Crocidolite and Anthophyllite for analytical purposes.

For Crocidolite the peak from the (110) reflection plene,



corresponding to an interplanar spacing of 8‘432 was used, and for
Anthophyllite the diffraction peak from the (200) reflection plane

with =« spacing value of 9.368. The angular separation between

S|
these peaks of 1.19 was large enough to prevent errors arising from
peak overlap in composition Crocidolite/Antthhyllite samples. 1In
order to include both peaks, a 20 scanning range of 8.50 to 12° was
used for CuKa and 10° - 13° for CcKa.

A total of thirty-six samples drawn from sliquot and direct

weighing methods were examined, these coverirg the full range cf

compositions referred to, and the aress beneatl the two selected peaks

and their peak/backgrcund ratices, determined for'each mixture. These
are shown in Tables 15 and 16 and in graphical form on Graphs 11 - 17.
10. A discussion of the X ray diffracticn messurements on prepared

blends of Anthophyllite/Crocidolite samples

10.1. ‘Blended samples of Anthophyllite end Crocidolite prepared by

direct weighing and sliquot methods

The aliquot and directly weighed amphibole samples were subjected,
in turn, to CuKa and CoKa radiation and messurements taken of the peak/
background ratic and ares beneath the selected diffraction pesks (gee
Section 9.3.) |

The form of the relationships (see Graphs 11-17) is ‘dependent
upon the radiaiion used. For example, if the ares bereath.the Anthophyllite
peak P1 is considered as a function of the % of Anthophyllite present in
the directly mixed sample it is seen from Graph 11 that for CuKa radiatioﬁ
there is a change in peak aree (mmz) per unit % increase in Anthophyllite
of 15 mmg/% which occurs at the 60% Anthophyllite, 40% Crocidolite

composition.



This dependence upon the wavelength of the incideat radiation is
10 observed when the Crocidclite Pj peak is studied. Graphs 12 and 13
illustrate this point for they show that with CuKa radiation there is a
reduction in the value of the peak diffraction area (mm2) per unit % increase
in Crocidolite of 13 mm2/% when there is 60% Crocidolite in the sample
whilst for CoKa this change is 0.6 mm2/% and occuré for an 80%

Crocidolite content. .

Similar effects are seen in Graphs 14 - 17 where the peak/background
ratios are plotted againsi the corresponding % of Anthophyllite or %
Crocidolite in the sample. In every case the response from the aliquot
samples ié.greatef than from the directly weighed samples, a fact which can
be attributed to the slightly higher vacuum applied during the formation of
the aliquot samples, which resulted in the aliquot samples having a greater
packing density than that for the directly weighed samples; This indicates
the need for accurate control being'exercised at all stages of the sample

preperation.

10.2 Explanation for the forms of graph obtained

With such a mixed samble, the explanation for the graphical forms
can only be tentative, when the complexity of the amphibble inter—mixing
process is considered.

10.2,1, With Copper Ka radiation

For CuKa the diffraction response from the Crocidolite peaks
decreases apﬁreciably for sample weights greater than approximatély 5.0 mg
(see Sections 8.1.1 and 8.1.2) For the mixed saﬁples'there will be a
predominance of Crocidolite fibres for Crocidolite/Anthophyllite ratios
greater than 50/50 and this represents a Crocidolite samﬁle weight ih
excess of 5 mg. In this case, there can be no direct utilisation of the
X ray penetration depth results from 7.5.3. because here the Crocidolite

fibres are inter-mixed with the Anthophyllite fibres.



A possiblé explenation for the effects seen in Graph 11 is that
when the Crocidolite/Anthcphyllite ratio is greater than unity, then
the Crocidclite fibres prevent X-radiation from reaching the lower regions
of the compozite sample. This limits the contribution te the diffraction
response from the Anthophylliie fibres sitﬁated'in this region. For
Crocidolite/Anthophyllite ratios less than unity, Anthbphyllite fibres
predominate and the reduction in the shiélding action by the Crocidolite
fibres is noted by the increase in peak area per unit % increase in
Anthophyllite weight.

When the Crocidolite peak P, response is considered then the

1
relationship between the area measured beneath this peak and the %
Crocidolite present in the composite sample is seen in Graph 12. Again
the results lie on a smooth curve, a diminution of Crocidolite peak area

per unit percentage increase in Crocidolite weight occurring beyond approx-

imately 6 mg of Crocidolite in the composite sample.

10.2.2. With Cobalt Ka radiation

For CoKa radiation, the mass absorption coefficient of Crocidolite
is 47 cm2/g and reference to equation 2 in Appendix A shows that the value
of the "infinite thickness" is.more than double that obtained for CuKa.

This incicates that the diffraction peék response slhiould increase linearly
beyond the 6 mg sample weight value. The shielding action referred to

in 10.2.4. is still present for small percentages of either amphibole, but
Crocidolite is no longer the dominant constituent. The effects of this
modified shielding action can be seen in Graphe 11, 13 and 17.

What these results clearly show is that it is possible, using
either CoKa or CuKa radiation to determine the percentage concentration of
Crocidolite in Crocidolite/Anthophyllite mixtuires or the percentége of
Anthophyllite in Crocidolite/Anthophyllite mixtures.  These experiments cén

be used therefore to examine blended samples and to analyse lung dust which



i= thought to ccntain asbestos fibres.

1. X ray diffraction examination of a lung specimen

In order to examine the diffraction pattern of.a lung dust
sample known to contaip asbestos dust, a 40 mg sample of lung dust from
specimen No. 7965 was made available by Dr. V. Timbrell of the
Pneumoconiosis Research Unit, Penarth. Three samples, each weighing
approximately 12 mg, were prepared from this, in the manner descfibed
in 7.5.2. and each was subjected initially to optical microscopic eiamination.
The examination revealed the presence of fibres in all three samples. The
abundance of fibres being larger in samples Nos. 1 and 2 than in sample
No. 3.
The response from the samples was found to differ markedly.
Whilst sample No.1 gave good peak definition on the 400 cps range,
sample No.2 required the use of the 100 cps with % zero suppression
(see Fig. 15). For both sampies the angle at which each prominent peak
occurred was noted and the corresponding value of the inter-planar spacing
-calculated (see Table 17). The values obtained were then compared with the

dhkl values obtained from tke U.I.C.C. standard reference samples. The



compsrison indicsted thet the fibrous material was Amosite and

Nyocidolite.,

1.1 The inclusion of internal standards in the lung specimen

To verify that the fibrous meterial was Amosite and Crocidolite,
Crocidolite was added to the dust sample No.1. Initially 0.1 mg was
used, this beiﬁg ultrasonically mixed with the lung dust sémple, using a
distilled water Triton X-100. mixture. There was no observable chsnge in
the X ray diffraction response. The Crocidolite content was then increased
to 1.438 mg to obtain a response on the linear portion of the sample
weight/diffracfion peak response graph for Crocidolite (see Graph 4).
1.53 mg of Anthophyllite was also introduced into the lung sample as
Anthophyllite had been used in the experiments described in Section 7.5.2.
The effect of introducing both these materials can be seen in
Table 18. A comparison between the X ray diffraction response of the lung
dust sample alone, the lung dust sample plus Crocidolite and Anthophyllite
and the X ray diffraction patterns of each of the U.I.C.C. standard
reference samples of asbestos was thus available. It is clear from
Table 18 that this verified the presence of Amosite and Crocidolite in the

lung dust sample. An estimate of the amount present has been made (see 13).

11.2 X ray studies of the lung specimen using the Debye-Scherrer powder

tamera.

A glass sample needle with a thin coverihg of glue was coated with
powdery lung sample until a uniform coating was obtained. The needle,
complete with sample, was then placed in the powder camera, carefully centred,
and subjected to Copper Ka radistion. The diffraction pattern can be seen
in Fig.16. Both interplanar spacings and the intensity of diffraction
peaks were measured, the latter being classified as very strong, strong,

weak and very weak. The dhkl values obtained are.containeé in Table 19.
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