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bstract

The thermal transformation of asbestos into non-hazardous crystalline phases and their recycling is a promising solution for the “asbestos
roblem”. The most common asbestos-containing industrial material produced worldwide is cement-asbestos. Knowledge of the kinetics of
hermal transformation of asbestos fibers in cement-asbestos is of paramount importance for the optimization of the firing process at industrial
cale. Here, environmental scanning electron microscopy (ESEM) was used for the first time to follow in situ the thermal transformation of
hrysotile fibers present in cement-asbestos. It was found that the reaction kinetics of thermal transformation of chrysotile was highly slowed down
n the presence of water vapor in the experimental chamber with respect to He. This was explained by chemisorbed water on the surface of the

bers which affected the dehydroxylation reaction and consequently the recrystallization into Mg-silicates. In the attempt to investigate alternative
nd faster firing routes for the decomposition of asbestos, a low melting glass was mixed with cement-asbestos and studied in situ to assess to
hich extent the decomposition of asbestos is favored. It was found that the addition of a low melting glass to cement-asbestos greatly improved

he decomposition reaction and decreased the transformation temperatures.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to their outstanding technological properties, asbestos
inerals have been extensively used since the beginning of the

ast century for an endless number of industrial applications.
owever, since the early 1950s it is known that inhalation of

sbestos fibers may cause lethal lung diseases [1,2]. There-
ore, the use of asbestos is now banned and its elimination
as become a priority in many countries all over the world.
enerally, asbestos-containing materials (ACMs) are dumped

n controlled waste plants. However, this cannot be regarded

s an ultimate solution because dispersion of asbestos fibers in
he air is an intrinsic risk during dumping operations and in the
ong term [3]. An alternative solution is thermal transformation
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f ACM into non-hazardous phases which can be safely recy-
led in different industrial products [4–7]. In Italy, the existing
aws were recently modified to include this possibility in the
reatment of asbestos-containing wastes [8]. Despite the ban
f asbestos in 1992 [9], a huge amount of ACM, mainly in
he form of cement-asbestos on the roofs of industrial plants
nd civil buildings, is still present in Italy. Because of the
isk of fiber dispersion in the air due to weathering-induced
egradation in the outdoor environment, cement-asbestos slates
hall be removed sooner or later. Since 2004, the Italian law
.M. 19/07/2004 [8] legitimates the crystal-chemical trans-

ormation of ACM through thermal, mechanical or chemical
reatments and the recycle of the transformation product. The
ntroduction of this law opened up new possibilities to ulti-

ately solve the problem of ACM in Italy. To this aim, an
ndustrial process was developed and patented for the direct

nnealing of cement-asbestos slates at a temperature of about
200 ◦C for at least 16 h using a tunnel kiln [10]. The major
dvantage of this method is that the packages of cement-
sbestos slates are treated as-received, without being opened
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nd/or ground. Hence, the risk of fiber dispersion in air is min-
mized.

To be safely recycled, one of the requirements of the Ital-
an law [11] is that the transformation product must be entirely
sbestos-free. Recently, the temperature-induced transformation
equence of asbestos slates was studied in order to [4] (i) opti-
ize the annealing process to obtain a recyclable material and

ii) develop a procedure for the quality control of the transfor-
ation product. It was found that the complete recrystallization

rocess of the asbestos phases could not be ascertained only
ith X-ray powder diffraction (XRPD) for two reasons: (a) the
hase detection limit is around 0.5–1 wt% and (b) the diffraction
eaks of some high-temperature products of transformation of
ement-asbestos such as ferrite overlap with those of the asbestos
inerals and invalidate the application of this technique. On the

ther hand, investigation of a statistically representative num-
er of specimens with electron microscopy techniques can be
sed to verify the complete transformation of asbestos miner-
ls as the microstructure of the asbestos fibers before and after
ransformation is completely different [4].

The reaction path of cement-asbestos slates during anneal-
ng was found to be more complex than that for pure asbestos

inerals [4]. This is not surprising as cement-asbestos con-
ains Ca-rich cement phases, calcite, quartz and clay minerals in
ddition to asbestos minerals (mainly chrysotile and riebeckite).
he thermal treatment of pure chrysotile (serpentine asbestos)

n the 700–800 ◦C range involves dehydroxylation and sub-
equent recrystallization leading to the formation of Mg-rich
nhydrous silicates forsterite and enstatite [12,13]. Pure riebeck-
te (amphibole asbestos) thermally treated at 1100 ◦C includes
he formation of pyroxene, enstatite, hematite and cristobalite
14,15]. However, the decomposition products of these asbestos
inerals combine with other phases during annealing of cement-

sbestos to form clinker phases with an excess of Al, Fe and Mg,
nd Ca- and Mg-rich silicates such as merwinite and akermanite
4].

In previous works, the decomposition kinetics of pure
sbestos minerals have been studied with in situ X-ray powder
iffraction [15,16]. Unfortunately, this technique is not the best
hoice for kinetic studies of cement-asbestos because of over-
apping peaks of asbestos minerals and high-temperature phases
s well as low peak intensities of asbestos minerals due to their
ilution in the cement matrix. An alternative technique is in situ
EM imaging of the sample at high temperature, as the thermal

ransformation of asbestos minerals can be distinguished from
on-reacted material due to morphology changes [4]. In fact,
ub-micron grains of newly formed crystalline phases are clearly
isible at high magnification [4]. Gregori et al. used scanning
lectron microscopy (SEM) equipped with a heating stage to fol-
ow the thermal transformation of chrysotile, which was claimed
o start at about 900 ◦C [17]. However, the resolution of the SEM
mages reported by Gregori et al. do not allow full verification of
omplete transformation of chrysotile to sub-micron grains of

orsterite. In addition, the fiber-like transformation product was
nterpreted as elongated forsterite crystals [17]. This statement
s erroneous as such crystal habit is prohibited by the crystal
ymmetry.
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r

t
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In the present work, in situ environmental scanning electron
icroscopy (ESEM) together with conventional high-resolution
EM imaging were used for the first time to follow the thermal

ransformation of chrysotile fibers in cement-asbestos. Opposed
o SEM, high vacuum conditions and conductive samples are not
ecessary with the ESEM technique [17]. Valuable information
egarding the kinetics of the transformation can be extracted,
hich is not possible by in situ XRPD. Such information is
f paramount importance for the optimization of the annealing
rocess of cement-asbestos slates.

In addition, we also investigated the possibility to accelerate
he reaction kinetics of transformation of cement-asbestos by
dding a low melting glass to a specimen of a cement-asbestos
late. Higher reaction kinetics would allow a cost reduce of the
ndustrial process.

. Experimental

Samples of commercial cement-asbestos slates were used for
he present study. A full quantitative phase analysis of the sam-
le using XRPD and the Rietveld method was reported in [4]
nd showed calcite (56.7 wt%), CHS (calcium hydrate silicates)
hases and amorphous phase (21.8 wt%), serpentine asbestos
linochrysotile (13.6 wt%), �-larnite (2CaO·SiO2) (6.8 wt%),
uartz (0.8 wt%), hematite (0.2 wt%), and dolomite (0.1 wt%).

A FEI Quanta 200 ESEM equipped with a thermal tung-
ten gun, a gaseous secondary electron detector (GSED), and a
500 ◦C hot stage was used for in situ electron imaging. A S-type
hermocouple was used to monitor the temperature, and calibra-
ion was performed using the melting point of gold (1064 ◦C).
he instrument was operating at 20 kV acceleration potential and
working distance of about 20 mm. The samples were heated
ith a rate of about 20 ◦C/min. SE images were collected at reg-
lar temperature intervals. The heating gradient and temperature
nterval were selected on the basis of preliminary experiments
nd results of previous experiments reported in [5].

During preliminary experiments aimed to optimize the instru-
ental conditions, it was found that the kinetics of thermal

ransformation of chrysotile fibers was severely affected by the
ype of gas atmosphere (i.e. He or water vapor) in the speci-

en chamber. In the presence of water vapor, the temperature of
eaction was severely increased. In order to verify these prelim-
nary observations, the following controlled experiments were
erformed: (1) a small fraction of cement-asbestos powder was
ounted into a platinum crucible and fixed with a small drop

f carbon glue to ensure heat conductivity of the sample. The
rucible was mounted inside a corundum crucible holder and
ositioned into the resistance heater. The He pressure in the
pecimen chamber was maintained in the range 1.9–3.5 Torr.
mages were collected at temperatures in the range 25–1150 ◦C;
2) a small fraction of cement-asbestos powder was mounted
n a crucible as described previously. A water vapor pressure
f about 2.5–3.4 Torr was maintained in the specimen chamber

uring the experiment. Images were collected in the temperature
ange 25–1300 ◦C.

To explore the possibility to decrease the temperature range of
hermal transformation of asbestos fibers in cement-asbestos, a
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various temperatures in the range 25–1150 C using He as spec-
imen chamber gas. The entire sequence recorded during this
experiment as well as those recorded during the other two exper-
iments described in the paper can be obtained upon request to
ig. 1. SE micrographs, collected using He (1.9–3.5 Torr) as specimen chamb
003 ◦C and (d) 1143 ◦C.

iece of cement-asbestos was gently ground in agate mortar and
ixed with a low melting glass (a ceramic frit with composition:
2O3 = 34.0%; Na2O = 15.0%; SiO2 = 43.0%; CaO = 8.0%) in

he proportions cement-asbestos:glass 5:1. This experiment will
rom now on be referred to as experiment 3. This powder mixture
as mounted in the platinum crucible in the very same way as
escribed for the other experiments. Water vapor was used as
pecimen chamber gas, at a pressure of 2.5–3.6 Torr. Images
ere collected in the temperature range 25–850 ◦C.
All controlled ESEM experiments were repeated twice and

ave reproducible results.
The specimens investigated with ESEM were also analyzed

efore and after the in situ experiment to evaluate the degree of
eaction and achieve electron images of high resolution. High-
agnification SEM micrographs were collected using a Philips
L 40/604 instrument. The specimens were mounted on alu-
inum stubs and gold-coated. Complementary XRPD data were

lso collected using a �/� diffractometer (PANalytical, Cu K�
adiation) equipped with a real time multiple strip (RTMS) detec-
or. A divergence slit (0.25◦), an anti-scattering slit (0.25◦) and

soller slit (0.04 mrad) were mounted in the incident beam
athway. A Ni filter, a soller slit (0.04 mrad) and an antiscat-

er blade (5 mm) were mounted in the diffracted beam pathway.
he counting statistics were dependent on the amount of avail-
ble sample and was in the range 15–200 s step−1. An integrated
tep scan of the RTMS detector of 0.0167273◦ 2θ was used.

F
s

, of chrysotile fibers collected at a temperature of (a) 235 C, (b) 800 C, (c)

. Results

Fig. 1a–d shows selected electron micrographs collected at
◦

ig. 2. High-magnification SEM image of chrysotile fibers subjected to the in
itu ESEM experiment in which He was used as chamber gas (experiment 1).
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he corresponding author as movie files with avi format. As can
e observed, newly formed crystals on the fiber surface appear
t a temperature of about 1000 ◦C. Crystallization continues up
o 1150 ◦C where no further change in morphology is observed.
ig. 2 shows a high-magnification SEM image of the sample
fter the experiment. The typical granular morphology of the
hermally transformed asbestos fibers is evident [4].

Fig. 3 shows selected SE images collected with water vapor as
pecimen chamber gas. In this case, complete recrystallization of
hrysotile is not accomplished during the non-isothermal exper-

◦
ment up to 1300 C (see Fig. 3a–d). Morphology changes due to
ecrystallization were however observed during prolonged heat
reatment at 1000 ◦C, as shown in the SE images displayed in
ig. 3e and f. Obviously, the gas atmosphere in this case influ-

n
p
c
A

ig. 3. SE micrographs, collected using water vapor (2.5–3.4 Torr) as specimen cha
00 ◦C, (b) 800 ◦C, (c) 1098 ◦C during the ramping up to 1300 ◦C and (d) 1009 ◦C af
000 ◦C. In addition, SE micrographs collected after a 1.5 h (e) and 3 h (f) long isothe
us Materials 156 (2008) 260–266 263

nces the reactivity of the fibers. After the in situ experiment,
igh-magnification micrographs of the sample were collected
ith a conventional SEM instrument. A representative image

s shown in Fig. 4. Newly formed crystals can be observed,
ndicating complete transformation of the asbestos fibers [4].

Fig. 5 shows XRPD patterns collected from untreated
ement-asbestos (a) and from the specimens subjected to the
n situ ESEM experiments in He (i.e. experiment 1). The pattern
ollected from the specimen after the in situ experiment in water
apor (experiment 2) was qualitatively the same and therefore

ot shown. Qualitative analyses of these patterns show that the
hases present in the untreated sample are clinochrysotile, cal-
ite, �-larnite (2CaO·SiO2) and minor phases such as quartz.
fter the in situ experiments the newly formed phases are

mber gas (experiment 2), of chrysotile fibers collected at a temperature of (a)
ter cooling down from 1300 to 1000 ◦C to reach the isothermal temperature of
rm at 1000 ◦C are also shown.
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Fig. 5. XRPD patterns collected from non-treated cement-asbestos (a) and from
the specimens subjected to the in situ ESEM experiments in He (b). Legend of
pattern (a): A = chrysotile asbestos; C = calcite; H = aluminum sample holder;
L
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ig. 4. High-magnification SEM image of chrysotile fibers subjected to the in
itu ESEM experiment in which water vapor was used as chamber gas (experi-
ent 2). The image was recorded using a conventional SEM instrument.

kermanite, merwinite, silicocarnotite and ferrite. The presence
f these phases confirms that the thermal transformation has
ccurred during the experiments.

Fig. 6 shows SE images collected during the in situ exper-

ment of the cement-asbestos mixed with a low melting glass
see Section 2 for details). Melting of the system is observed
n the temperature range 600–750 ◦C, and the chrysotile fibers
re dissolved inside the glassy phase (see Fig. 6). XRPD pat-

s
c
fi
g

ig. 6. SE micrographs of chrysotile fibers in the presence of low melting glass wit
55 ◦C, (b) 630 ◦C, (c) 691 ◦C and (d) 750 ◦C (experiment 3).
= �-larnite (2CaO·SiO2); S = corundum internal standard. Legend of pattern
b): Ak = akermanite; F = ferrite; H = aluminum sample holder; M = merwinite;
c = silicocarnotite.

erns of the sample after (a) and before (b) the in situ ESEM
xperiment are shown in Fig. 7. The sample subjected to the in

itu ESEM experiment is completely amorphous witnessing the
omplete dissolution of the chrysotile fibers. Thus, the asbestos
bers are not stable in contact with the B- and Si-rich forming
lass and are promptly dissolved inside the glassy phase. Fig. 8

h water vapor as chamber gas (2.5–3.6 Torr), collected at a temperature of (a)
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Fig. 7. XRPD patterns of cement-asbestos mixed with a low melting glass before
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a) and after (b) the in situ ESEM experiment (experiment 3). Legend of pattern
a): A = chrysotile asbestos; C = calcite; H = aluminum sample holder; L = �-
arnite (2CaO·SiO2); Q = quartz; S = corundum internal standard.

hows a high-magnification SEM image of the sample after the
n situ experiment. As can be observed, a homogeneous phase
as formed after heat treatment.

. Discussion

Pure chrysotile decomposes in the range 600–800 ◦C (in air)
ia dehydroxylation [4,11]:

g3Si2O5(OH)4 ⇒ Mg3Si2O7 + 2H2O (1)

The dehydroxylated product is readily converted to forsterite
nd enstatite:

Mg3Si2O7 ⇒ 3Mg2SiO4 + SiO2 (2)
The development of the overall reaction sequence may be
ollowed by observing the microstructural changes of the fibers
sing high-magnification SE images [4]. In He atmosphere, the

ig. 8. High-magnification SEM image of cement-asbestos mixed with a
ow melting glass after in situ ESEM observations in the temperature range
5–850 ◦C (experiment 3).
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emperature of reaction (∼1000–1150 ◦C) is in concert with the
esults reported by Gregori and co-workers who used in situ
EM to follow the thermal decomposition of pure chrysotile
bers. In contrast, results from high-temperature XRPD analy-
es showed that chrysotile recrystallize in the temperature range
00–800 ◦C [16]. The lower temperature range of reaction found
y in situ XRPD compared to in situ imaging is explained both
y (i) the fact that the X-ray diffraction experiments monitored
he disappearance of the chrysotile diffraction peaks and not the
ater appearance of the diffraction peaks of the growing sili-
ate phases; (ii) a lower detection limit in the SEM technique.
n fact, resolution limitations permit visualization of the newly
ormed crystals only after they have reached a certain size. This
s a limitation of in situ imaging compared to X-ray diffraction
echniques for dynamic studies.

In water vapor atmosphere, the reaction kinetics were found
o be remarkably slowed down with respect to He atmosphere
compare Figs. 1 and 3). In fact, recrystallization was only
bserved after prolonged thermal treatment at 1000 ◦C (Fig. 3e
nd f).

We believe the differences in the reaction kinetics are not due
o artifacts in the experimental procedures because (i) the exper-
ments were repeated twice and resulted to be reproducible; (ii)
he sample preparation and experimental protocol were identical
n all the runs; (iii) the temperature calibration was invariably
erformed for all the experiments by following the melting of
old. As a matter of fact, these differences in reaction kinetics of
hermal transformation of chrysotile in the absence/presence of
ater vapor are not surprising. The kinetics of dehydroxylation

eactions in other minerals such as kaolinite [18] and serpentine
19] were shown to decrease with increasing water vapor pres-
ure at constant temperature. Brindley et al. determined the rate
onstant and apparent activation energy (Ea) for the dehydrox-
lation of serpentine under controlled water vapor pressures in
he range <10−3–175 Torr [19]. It is possible to draw a paral-
el with this mineral because chrysotile is the fibrous variety
f serpentine which in turn displays a lamellar crystal habit.
hey found that the rate constant k decreased from 0.0011 to
.0008 at 1000 ◦C when the water vapor pressure increased from
10−3 to 4.6 Torr. Likewise, the apparent activation energy (Ea)

ncreased from 68 to 96 kcal mol−1. The decreased reaction rate
nd increased Ea with water vapor pressure were attributed to dif-
erent degree of surface coverage of chemisorbed water. In fact,
uring the dehydroxylation reaction, water is formed as reaction
roduct and must emigrate to the surface and desorbs (see reac-
ion (1)). Such reactions are generally diffusion controlled. In
erpentine, the �-time plots under isothermal conditions were
hown to fit a 3D kinetic model function which implies that the
ate-limiting step is controlled by three-dimensional diffusion
19]. Hence, the entire surface of the serpentine grain is impor-
ant for the overall reaction. The situation is slightly different for
hrysotile, as the rate-limiting step is one-dimensional diffusion
f water molecules along the fiber axis [16]. Hence, the effect of

hemisorbed water should be even higher in this case, compared
o serpentine.

The aim of the industrial thermal treatment processes of
sbestos is to promote decomposition of asbestos and eventu-
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lly the crystallization of stable and harmless reaction products.
he optimization of these processes should concern the increase
f yield of reaction and decrease of the reaction temperature to
inimize the energy costs. In this scenario, the addition of a

ow melting glass, eventually in the form of a powder, to the raw
sbestos-containing materials during the abatement procedures,
ould give the advantage to promote sintering and melting reac-

ions involving both the cement matrix and the asbestos phases
t fairly lower temperatures with respect to those needed to melt
ure cement-asbestos (nearly 1300–1350 ◦C [5]). As a matter of
act, melting of the system and decomposition of the asbestos
bers within the reaction media are observed at very low tem-
erature (in the range 600–750 ◦C; Figs. 6 and 7). The asbestos
bers are not stable in contact with the B- and Si-rich form-

ng glass and are promptly decomposed and digested inside the
lassy phase.

. Conclusions

This study deals with in situ imaging of thermal decom-
osition of chrysotile fibers using ESEM. The sample under
tudy was a specimen from a real commercial cement-asbestos.
t was found that ESEM is a powerful tool for dynamic stud-
es of overall reaction of dehydroxylation of chrysotile and
he subsequent recrystallization into non-hazardous minerals.
n fact, this technique provides important information regard-
ng the reaction kinetics which may not be extracted from for
xample in situ X-ray powder diffraction due to peak overlap of
hrysotile and products of transformation of the cement matrix.
uch information is of great importance for optimization of

ndustrial annealing processes for recovery of cement-asbestos
lates. Furthermore, it was found that the use of water vapor
s specimen chamber gas instead of He seriously affected the
eaction kinetics. The temperature of reaction was increased
ignificantly, probably due to inhibition of dehydroxylation of
hrysotile. Such effects have previously been reported for dehy-
roxylation of other minerals. To our knowledge, this is the first
ime a direct evidence of the negative effect of water vapor on
he dehydroxylation of chrysotile is presented.

This work also showed that the use of a low melting glass
ay greatly decrease the melting temperature of chrysotile. The

pplication of such an agent on cement-asbestos slates, already
n the initial stage of dismounting of cement-asbestos slates
rom building roofs, may increase the efficiency of industrial
rocesses aimed for their thermal destruction.
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