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Abstract-The structural damage produced by dry grinding and acid leaching of chrysotile was studied 
by transmission and scanning electron microscopy, infrared spectroscopy, X-ray powder diffraction, and 
thermogravimetric analysis. Severe dry grinding converted the chrysotile fibers into fragments having 
strong potential basic reaction sites. These sites were immediately neutralized by molecules present in 
the atmosphere (e.g., H 20, CO2), Acid leaching transformed the chrysotile fibers into very porous, non­
crystalline silica, which was easily fractured into short fragments. The damage produced in the chrysotile 
structure by grinding or leaching was assessed by monitoring the intensity of various infrared absorption 
bands. 
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INTRODUCTION 

Polycyclic aromatic hydrocarbons present in ciga­
rette smoke are apparently adsorbed on asbestos fibers 
(chrysotile, crocidolite, etc.), and thereby strongly in­
crease the risk of bronchopulmonary cancer for smok­
ers exposed to asbestos (Selikoff et al., 1968, 1980). 
Selikoff's findings have led several researchers to study 
the adsorption properties of various asbestos materials 
for such organic compounds (Harrington and Smith, 
1964; Roe et aI., 1966; Fournier and Pezerat, 1982, 
1986). Suquet (1989) recently described the impor­
tance of the surface state of chrysotile on the adsorption 
properties of this mineral. She noted that two samples 
of chrysotile from the same locality (Zimbabwe, for­
merly Rhodesia), both supplied by l'Union Interna­
tionale Contre Ie Cancer (UICC), exhibited quantita­
tively different adsorption properties, although they 
were highly similar in most chemical and structure 
properties. For example, one sample adsorbed 12 times 
less phenanthrene and 45% less CO2 than the other. 

Differential thermal analysis (DT A) showed that both 
samples dehydroxylated in two steps, but that the 
chrysotile sample having the weaker adsorption prop­
erties had a much larger low-temperature dehydroxy­
lation peak than the other. Because grinding and/or acid 
leaching increased the size of this low-temperature de­
hydroxylation peak, she concluded that one of the sam­
ples had apparently been ground more and/or leached 
by the UICC during the defibrillation processes used 
to prepare these samples. 

To assess the structural damage produced by grind­
ing and acid leaching of chrysotile and to study the 
surface state of ground and leached products, several 
samples ofchrysotile were dry-ground in an agate mor-

tar or in a rotary ball mill or leached with oxalic or 
hydrochloric acid. The products were examined by 
means of X-ray powder diffraction (XRD), transmis­
sion (TEM) and scanning electron microscopy (SEM), 
infrared spectroscopy (IR), and thermal gravimetric 
analysis (TGA). 

MATERIALS AND METHODS 

Materials 

A chrysotile sample from Eastern Transvaal (Re­
public of South Africa) was chosen as a reference ma­
terial. It was cut into 2-cm long fibers with scissors, 
carefully defibrillated in water with a cutter-mixer for 
4 min, and then freeze-dried. Inasmuch as the DT A 
curves of the original and the defibrillated materials 
were similar, crushing in water appeared to be a sat­
isfactory means of defibrillating the sample without 
altering its surface properties. Several degraded chrys­
otile products were also examined, including: 

1. Rhodesian chrysotile-2, supplied by UICe. This 
sample was shown by Suquet (1989) to give two 
dehydroxylation peaks, related to two types of OH 
surface groups, possibly caused by a UICC surface 
treatment. 

2. Rhodesian chrysotile-2, intensely hand ground in 
an agate mortar (200 mg, 15 min). This sample was 
converted to a dark grey powder because of the 
homogeneous distribution of magnetite impurity 
during the grinding. 

3. Eastern Transvaal chrysotile, dry ground in a rotary 
ball mill (l g, 5 hr). This fibrous chrysotile was 
converted into a white powder. 

4. Eastern Transvaal chrysotile, partially leached. This 
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Table I. Chemical analyses (wt. %) of Transvaal chrysotile samples stored at 40% relative humidity. 

Transvaal chrysotile 
Rhodesian chrysotile 
Theoretical Mg,Si20,(OH)4 

I Weight loss at 1030OC. 

SiO, 

40.79 
38.18 
43.37 

0.14 
1.09 

FeO 

0.57 
0.39 

sample was prepared by treating it for 48 hr at room 
temperature with oxalic solution (0.05 mole/ liter, 
unstirred) (Thomassin et al. , 1977). 

5. Eastern Transvaal chrysotile, totally leached. This 
material was prepared by treating it for 2 hr at 90°C 
with 6 N HCl (I mg, 300 mI). 

The degree of leaching (i.e., the ratio of extracted Mg 
vs. initial Mg) was calculated to be about 20% for the 
partially leached sample and 100% for the totally 
leached sample. All samples were stored at 40% rela­
tively humidity (RH). 

A comparison of the chemical analyses of the sam­
ples (Table I) indicates more AI-for-Si substitution in 
the Rhodesian chrysotile that in the Transvaal chrys­
otile; however, the Fe-for-Mg substitution is greater in 
the latter material. The charge deficit is balanced by 
the presence of other cations (see Suquet et aI., 1987). 
Weight-loss values at lO30°C in air indicate that the 
Rhodesian chrysotile adsorbs slightly more water than 
the Transvaal chrysotile. 

Both samples contained impurities: about 2.5% cal­
cite in the Transvaal sample and about 2-2.5% mag­
netite and 1 % magnesite in the Rhodesian sample. No 
trace of brucite, common in many asbestos samples, 
was detected by XRD, TEM, or IR in either sample. 

Methods 

The XRD patterns were obtained with a Siemens 
D500 diffractometer using filtered CuKa radiation. 
Randomly oriented specimens were prepared by pack­
ing freeze-dried material into a depression on a plastic 
slide. IR spectra were recorded using a double-beam 
Perkin-Elmer Spectrometer 580B. KBr discs were pre­
pared from a fine mixture of 150 mg KBr and 1 mg 
sample. TGA was carried out under a N 2 stream at a 
heating rate of lOoC/ min, using 5 mg of sample and a 
Perkin-Elmer TGA 7 Analyzer. TEM and SEM and 
associated selected-area electron diffraction (SAD) and 
energy-dispersive X-ray (EDX) patterns were obtained 
using a JEM-l OOCX II instrument. The fibers were first 
opened by an ultrasonic treatment applied to a water 
suspension of the sample. A drop of suspension was 
dried on a carbon-coated Cu grid. Because prolonged 
exposure to the electron beam damaged the chrysotile 
structure, thereby weakening and broadening the dif­
fraction spots and buckling the fiber edges, the SAD 
patterns were photographed as quickly as possible, fol-

0.76 
2.21 

CaO 

0.98 
0.28 

MgO 

41.45 
42.24 
43.62 

0.08 
0.11 

K,O 

0.03 15.19 
15.45 
12.99 

lowed immediately by an electron micrograph of the 
sample. 

RESULTS 

Electron microscopy 

SEM and TEM examinations showed that the fibers 
of both chrysotile samples were flexible. The electron 
diffraction patterns closely resembled those reported 
by Zussman and Brindley (1957) for chrysotile-2Mc\. 
The two samples differed in the length of the fibers; in 
the Rhodesian sample, the fiber length was inhomo­
geneous and ranged from 0.1 to 4 /-Lm, and short fibers 
were attached to large particles of magnetite (Figure 1). 
In the Transvaal sample, the fiber length ranged from 
0.5 to I/-Lm. 

The SEM and TEM images of both dry-ground sam­
ples were similar and indicated that grinding destroyed 
their fibrous morphology (Figure 2). Some fibrils hav­
ing a crystalline structure remained, but they were short 
and contained new points of fracture on their edges. 
They gave electron diffraction patterns corresponding 
to a disordered powder; the diffraction spots from the 
individual layers were distributed along the arcs of a 
circle. The fractures were perpendicular to the fiber 
axis (a ). The short fibrils appeared to be cemented by 
shapeless, noncrystalline material. These same features 
were observed by Papirer and Roland (1981) for a 
Canadian chrysotile ground for 30 hr in toluene. These 
features explain the decrease in surface area and the 

Figure 1. Scanning electron micrograph of Rhodesian chrys­
otile; short fibers are attached to a magnetite particle. 
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Figure 2. Transmission electron micrograph of dry-ground 
Transvaal chrysotile. 

increase in the amount of Mg that was extracted from 
the chrysotile surface. The EDX spectrum of the ground 
Transvaal sample showed that the Mg:Si ratio (0.84) 
of the short fibrils was less than that of the original 
material (1.00). This ratio was slightly less (0.76) for 
the shapeless, noncrystalline material, suggesting a re­
lease of Mg from the severely distorted and strained 
structure. 

SEM and TEM examinations of the totally leached 
Transvaal chrysotile showed that the fibrils were cracked 
and completely porous (Figure 3). No distinct SAD 
patterns could be obtained, indicating that the residue 
of the severe acid attack was noncrystalline. The EDX 
spectrum showed strong Si peaks, suggesting that this 
noncrystalline material is chiefly silica, thereby cor­
roborating Fripiat and Mendelovici (1968) and Pacco 
et al. (1976). A small Mg peak was also observed, 
probably due to the presence of a few incompletely 
leached fibers. The Rhodesian chrysotile was more af­
fected by the acid attack than the Transvaal chrysotile. 
In Figure 4, porous fibers, porous small fragments, and 
a shapeless material are all present. The coexistence of 
these three morphologically different materials is prob­
ably related to the inhomogeneous fiber lengths in the 
untreated sample. 

X-ray powder diffraction patterns 

XRD analysis indicated that the Transvaal sample 
was chiefly clinochrysotile (chrysotile-2Mct ) and that 
the Rhodesian sample was a mixture of clino- and 
orthochrysotile (chrysotile-Orcl ), the monoclinic form 
being the major component. The unit-cell parameters 
of the monoclinic form in both samples are: 

Transvaal 
Rhodesian 

a (A) 

5.27(1) 
5.31(1) 

b (A) 

9.18(2) 
9.22(2) 

c (A) 

14.59(3) 
14.63(3) 

(3 e) 
92.33(8) 
92.79(8) 

Wicks and O'Hanley (1988) pointed out that Al and 
Fe3+ usually substitute for Mg and Si, thereby relieving 
some of the misfit between the tetrahedral and octa-

O. 04 ~m 

Figure 3. Transmission electron micrographs of 1 00% leached 
Transvaal chrysotile showing its porous morphology. 

hedral sheets, even if Mg is replaced by Fe2 +. The 
chemical analyses in Table 1 suggest that the larger cell 
parameters (0.2 to 0.7%) of the Rhodesian chrysotile 
are mainly due to its Al content, which is eight times 
greater than that of the Transvaal chrysotile. 

The XRD patterns in Figure 5 indicate that major 
structural changes took place on grinding and leaching. 
The basal spacings of the ground Transvaal chrysotile 
were less intense (particularly the 002 and 004 reflec­
tions) due to the fragmentation of the fibers, which 
took place essentially along the c axis. The 201 and 060 
reflections were less affected because the crystal, in the 
b direction, retained a length of about 0.1 J.Lm and 
consequently gave sharp Debye-Scherrer patterns. The 
broadening of the reflections and the appearance of a 
band at about 3.96 A were apparently due to the non­
crystalline material observed by TEM. The XRD pat­
tern of the leached Transvaal sample showed only some 
of the principal chrysotile reflections, suggesting that 

Figure 4. Transmission electron micrograph of 100% leached 
chrysotile showing three morphological features based on the 
primitive fiber length: porous fibers, porous short fragments, 
and a shapeless material. 
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Figure 5. X-ray powder diffraction patterns of (a) Transvaal 
chrysotile (b) dry-ground Transvaal chrysotile (c) 100% leached 
Transvaal chrysotile (d) Aerosil 380. * = calcite; ** = plastic 
peak of sample holder. 

the chrysotile structure persisted to some degree. These 
reflections do not correspond to any ofthe silica phases 
(Figure 5d). 

Infrared absorption 

The use ofIR spectroscopy for the identification and 
structural studies of chrysotile is well known (see, e.g., 
Farmer, 1974; Yariv and Heller-Kallai, 1975; Joli­
coeur and Duchesne, 1981; Luys et al., 1982). The IR 

absorption spectrum of the carefully defiberized Trans­
vaal chrysotile is illustrated in Figures 6a (OH-stretch­
ing region) and 7a (lattice-vibration region). In the lat­
tice-vibration region more absorption bands are present 
than have been reported in the literature, probably 
because this sample was prepared without altering its 
surface. The absorption maxima of the Transvaal 
chrysotile are listed in Table 2; the assignments for the 
main peaks are consistent with those of Luys et al. 
(1982). The weak absorptions at 1430, 872, 711, and 
325 cm- I correspond to the calcite impurity. 

A comparison of the IR curves of the two chrysotile 
samples (Figures 6a, 6b, 7a, and 7b) shows that the 
Si-O absorption bands of the Rhodesian chrysotile are 
broad, particularly the 1025-crn -I vibration, and that 
the intensities of the cation-oxygen vibrations at 655, 
552, 475, and 403 cm- I are weaker and that at 417 
cm- I stronger than those of the Transvaal chrysotile. 
These results support the DTA data of Suquet (1989), 
which suggested damage to the crystalline structure of 
the Rhodesian chrysotile. They also indicate that IR 
absorption bands are highly sensitive to the effect of 
surface treatments. 

The IR spectra of both dry-ground chrysotile sam­
ples show that the different comminution treatments 
(hand-grinding and ball-milling) strongly disrupted the 
structure (Figures 6c and 7c). In these spectra, the three 
components of the V3 mode ofSi04 are coalesced, and 
two broad, diffuse bands are present at 1060 and 987 
cm- I . The weak absorption bands (655,552,475, and 
403 cm -I) in the Transvaal chrysotile spectrum cannot 
be distinguished, and the sharp bands at 605, 432, and 
302 cm -I are broad and their maxima are commonly 
shifted (615 and 442 cm- I ). Some new bands can be 
seen at 550, 458, and 380 cm- I , suggesting the presence 
of a new phase in the sample. The absorption at 458 
cm - I indicates the presence of noncrystalline silica. 

Table 2. Infrared absorption bands of Transvaal chrysotile. 

Hydroxyl group 

Lattice vibrations 

Vibrational frequency 

3700 vs 
3651 m 
3450 br 
1635 br 
1082 s 
1025 s 
960 s 
655 w, sh 
605 s, br 
552 w 
475 w, br 
435 s 

417 vw 
403 m 
385 i 
302m 

Assignment 

External OH-stretching vibration 
Internal OH-stretching vibration 
Stretching vibration of physisorbed water 
Bending vibration of physisorbed water 
Out-of-plane Si-O stretching vibration 
In-plane Si-O stretching vibration 
Asymmetric stretching vibration of Si-O 
In-plane stretching mode of the Mg octahedra 

Out-of-plane bending mode of Si-O 
Out-of-plane bending mode of the Mg octahedra 

Si-O and Mg-O bending modes 

Mg-O bending mode 

w = weak; v = very; br = broad; sh = shoulder; i = inflection. The weak absorption bands at 1430, 872, 711, and 325 
cm- I correspond to calcite impurity. 
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Figure 6. Infrared spectra of the OH-stretching region for 
chrysotile fibers stored at 40% relative humidity as a function 
of surface treatments: (a) Transvaal chrysotile (b) Rhodesian 
chrysotile (c) dry-ground Transvaal chrysotile (d) partially 
leached chrysotile (e) 100% leached chrysotile. 

The persistence of the absorption bands at 302, 400, 
and 442 cm- I indicates, however, that the basic struc­
ture remained to some degree, inasmuch as these bands 
are not part of the IR spectrum of noncrystalline silica 
of magnesia. 

Unlike the lattice vibrations, the OH-stretching vi­
brations were not greatly affected by the grinding treat­
ment, inasmuch as short-range order was present. 
Moreover, the frequencies of the OH vibrations are 
characteristic of free OH groups, suggesting that ad­
jacent hydroxyl groups were not coupled. The IR spec­
tra of both dry-ground chrysotile samples show a broad 
diffuse band at about 1430 cm- I and an increase in 
intensity of the 3440-and 1630-cm- ' absorption bands. 
Inasmuch as the 1430-cm- ' band is not present in the 
IR pattern of the unground Rhodesian sample and be­
cause the intensity of this band increased markedly 
after the grinding of the Transvaal sample (Figures 7a 
and 7c), this band is probably due to CO2 , which ad­
sorbed on the surface of the chrysotile during the grind­
ing. The increase in intensity of the 3440- and 1630-
cm - 1 absorption bands suggests an increase in the 
amount ofphysisorbed water. The comminution caused 
numerous dislocations perpendicular to the fibers, cre-
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Figure 7. Infrared spectra of the lattice region for chrysotile 
fibers stored at 40% relative humidity as a function of surface 
treatments: (a) Transvaal chrysotile (b) Rhodesian chrysotile 
(c) dry-ground Transvaal chrysotile (d) partially leached 
chrysotile (e) 100% leached chrysotile. 

ated highly reactive surface sites, and was able to fix 
molecules existing in the ambient atmosphere (e.g., 
CO2 and H 20). Suquet (1989) showed that CO2 was 
sorbed on electron-donor sites derived from OH groups 
in low coordination at crystal edges and from external 
OH groups bearing a negative charge due to the pres­
ence of cationic substitution or vacancies. 

The IR spectrum of the 20% leached chrysotile (Fig­
ures 6d and 7d) indicates the presence of some hy­
drated, noncrystalline silica in the sample because of 
(1) an increase of surface water (3440 and 1650 cm - I); 
(2) a shoulder at 1200 cm - 1 assigned to a free-silica 
stretching vibration; (3) a shoulder at about 800 cm- I 

assigned to a Si-OH deformation band; (4) a decrease 
in intensity of the Mg-O vibrations at 655 and 475 
cm- ' ; and (5) a broadening of the Si-O vibrations at 
1082, 1025, and 552 cm - I. The mild acid attack par­
tially solubilized the brucite sheet of the chrysotile and 
transformed the Si-O bands into Si-OH bands. The 
100% leached chrysotile produced an IR spectrum that 
corroborates the breakdown of the structure and the 
transformation into hydrated silica (Figures 6e and 7e). 
OH-stretching vibrations are absent, and intense bands 
at 3440 and 1638 cm- I indicate a large quantity of 
water physisorbed on Si-OH groups. 
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Figure 8. Weight loss of chrysotile fibers stored at 40% rel­
ative humidity as a function of temperature in N2 heating 
I DOC/min): - - - = Transvaal chrysotile; --- = Rhodesian 
chrysotile; - .-.- = partially leached chrysotile, ----- = dry­
ground Transvaal chrysotile; - . -. - = 1000/0 leached chrysotile. 

Thermogravimetric analyses 

The fractional weight losses observed on heating in 
a N 2 stream chrysotile samples stored at 40% RH are 
shown in Figure 8 as a function of temperature. The 
Transvaal sample lost 0.5% weight on heating to 100°C, 
due to the evolution of physisorbed water from the 
surface and an additional 2% weight on heating to 470°C. 
This second loss was probably due to the removal of 
water either trapped in pores, as was suggested by Young 
and Healey (1954), or from the most loosely held OH 
groups (linked to Fe2 +). An additional 12.3% weight 
was lost on heating the sample from 590° to 910°C and 
can be attributed to dehydroxylation of the chrysotile 
to forsterite and noncrystalline silcia (Ball and Taylor, 
1963; Brindley and Hayami, 1965; Hodgson, 1979). 
Calcite decomposed at > 900°C (Mackenzie, 1957). 

At 470°C the two chrysotile samples showed similar 
weight losses. Because the Rhodesian chrysotile con­
tained some damaged fibers but not calcite (Suquet, 
1989), this result suggests that presence of more sorbed 
water on this sample and indicates that part of this 
water was strongly held at surface sites. The TGA curve 
of the intensely ground chrysotile shows several in­
flections, suggesting successive dehydrations and the 
removal of CO2, The noncrystalline, completely de­
hydroxylated product was formed at 650°C, whereas 
the same reaction occurred at 735°C for the untreated 
chrysotile. The TGA curve of the totally leached chrys­
otile showed about 10% weight loss < 100°C, due to 
the expulsion of hygroscopic moisture, and an addi­
tional 6% weight loss on heating the material to 91 O°e. 
This second loss may have been due to the removal of 
water directly fixed on silanol groups. 

SUMMARY AND CONCLUSIONS 

Severe dry grinding converted chrysotile fibers into 
fragments cemented by a shapeless, noncrystalline ma­
terial. This comminution treatment apparently broke 
atomic bonds and produced strong potential reaction 
sites, which were able to adsorb CO2 and H 20 mole­
cules from the atmosphere. Acid leaching transformed 
chrysotile into porous, noncrystalline hydrated silica, 
which easily fractured into short fragments. If the acid 
attack was too severe, these fragments converted into 
shapeless material. 

This study has shown that: (I) The damage produced 
in the chrysotile structure by dry grinding or acid leach­
ing may be assessed by monitoring the intensity of 
various IR absorption bands; some cation-oxygen vi­
brations (e.g. , at 665, 552, 475, 403, and 302 cm- I ) 

appear to be highly sensitive to such treatments. (2) 
Pretreatment (defibrillation andlor leaching) may de­
stroy or poison electron-donor surface sites of chrys­
otile and therefore affect the properties that involve 
surface phenomena (e.g., adsorption, dissolution, bi­
ologic reactivity). These results support those of Gro­
now (1987), who showed that a grinding and/or leach­
ing pretreatment of chrysotile critically affects its 
dissolution in water. 
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