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To  safely  recycle  the  product  of  the  thermal  transformation  of  cement–asbestos  as  secondary  raw  mate-
rial,  its  toxicity  potential  should  be  assessed  by  in  vitro  biodurability  tests.  In this  work,  the  acellular
in  vitro  biodurability  of  the  products  of transformation  of  cement–asbestos  at  1200 ◦C (named  KRY·AS)
was  tested  using  both  inorganic  and  organic  simulated  lung  fluids  at  pH 4.5.  The  dissolution  kinetics
were  followed  using  chemical,  mineralogical  and  microstructural  analyses.  The  total  dissolution  time
estimated  from  the  experiments  with  inorganic  HCl  diluted  solution  is one  order  of  magnitude  higher
ement–asbestos
ecycling
issolution
iodurability in vitro
ietveld method
EM

than  that  determined  from  the  experiments  with  buffered  Gamble  solution  (253  days  vs. 20  days).  The
key  parameter  determining  the difference  in dissolution  rate  turns  out  to  be the  solidus/liquidus  ratio
which  prompts  a fast  saturation  of  the  solution  with  monosilicic  acid.  The  calculated  dissolution  rate
constants  showed  that  the biodurability  in  vitro  of  KRY·AS  is  much  lower  with  respect  to that  of  standard
chrysotile  asbestos  (total  estimated  dissolution  time  of  20 days  vs.  298  days,  respectively).  This proves  a
low potential  toxicity  of this  secondary  raw  material.
. Introduction

According to the recent European directives, the need for
nvironmentally friendly alternative solutions to landfill disposal
rompts the recycling of hazardous wastes as secondary raw mate-
ials. Disposal of hazardous wastes such as asbestos-containing
aterials (ACM) has become a matter of concern in European coun-

ries [1]. For example, cement–asbestos slates in open environment
ave to be removed sooner or later as their degradation may  prompt
elease of breathable airborne fibres [2,3]. The awareness of the
ealth-threat of asbestos has prompted policy of abatement and
isposal of ACM. However, disposal of cement–asbestos in con-
rolled landfills does not seem to be the ultimate solution because
ero risk of fibre dispersion in air and water cannot be guaran-
eed. An alternative solution is the thermal transformation of ACM
nto non-hazardous products and their safe recycling as secondary
aw material [4–10]. Along this line, an industrial process for the
hermal destruction of asbestos containing wastes was recently
eveloped [11]. Sealed packages of cement–asbestos slates undergo

rolonged annealing at a temperature in the range 1200-1300 ◦C,
uring which both serpentine and amphibole asbestos minerals are
ransformed into newly formed silicate phases [12,13].

∗ Corresponding author. Tel.: +39 059 2055810; fax: +39 059 2055887.
E-mail address: alessandro.gualtieri@unimore.it (A.F. Gualtieri).
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The secondary raw material produced after the thermal treat-
ment at 1200 ◦C, named KRY·AS, is mainly composed of SiO2 and
CaO with minor MgO, Al2O3, and Fe2O3. Its chemical and mineralog-
ical nature is similar to that of a Mg-rich clinker. Having reassured
the reliability of the novel industrial process, suitable and attractive
recycling solutions were successfully explored [11,14].  To safely
reuse KRY·AS, its toxicity must also be tested. One of the param-
eters commonly used to evaluate the potential toxicity of mineral
fibres/particles is biodurability, that is the biopersistence of a fibre
in human lung fluids or the resistance of a fibre to dissolution over a
lifetime [15]. Besides that, in vitro tests in cell cultures for the deter-
mination of the cyto/geno-toxicity and in vivo tests on rats/mices
for the determination of the cancerogenicity are generally carried
out. The cytotoxicity of thermally treated cement–asbestos and a
commercial Mg-rich clinker has recently been tested in vitro in
cellular cultures [16]. It was found that cytotoxic cell damage of
more extended grade is exerted by the untreated cement–asbestos
compared to the thermally treated material KRY·AS. The activity of
thermally treated cement–asbestos is similar to that of the nega-
tive control clinker cement as regards cell growth rate and viability.
These results are very promising for a safe recycling of KRY·AS in dif-
ferent industrial applications but need further confirmation. To this
aim, in this work the acellular biodurability of KRY·AS is tested in

vitro using simulated lung fluids which reproduce the acid chemical
environment of macrophages.

In the past, the study of acellular biodurability of asbestos fibres
has been attempted mainly using two  approaches whose major

dx.doi.org/10.1016/j.jhazmat.2011.12.005
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ifference is the nature of the dissolving solution: hydrochloric vs.
odified organic Gamble solution. These study cases are only a

imited set of many papers reported in the literature dealing with
sbestos dissolution in inorganic and organic solutions mimicking
ung conditions to evaluate biopersistence of asbestos fibres. The
ssessment of the acellular biodurability should also be compared
ith the results of in vivo studies where dissolution of asbestos
bres is monitored directly in the lungs of laboratory animals
mices, rats, etc.).

The “hydrochloric solution” approach has been used in the
xperiments conducted by Hume and Rimstidt [17] who  estimated
he dissolution time of breathable-size chrysotile fibres. The fibre
ize considered most hazardous to the lung tissue has a diameter
f less than 1 �m and is longer than 10 �m [18]. Hume and Rim-
tidt [17] found that the dissolution rate of chrysotile in simulated
rganic media (pH 2.0–6.0) is a two-step reaction: first, the mag-
esium hydroxide layer of the chrysotile dissolves, leaving behind
ilica that dissolves later. The latter is the rate limiting step of the
eaction. In that paper, the authors also predicted that a fibre of
hrysotile of 1 �m in diameter will completely dissolve in about

 months. Different results were found by Bernstein et al. [19–21]
ho investigated the dynamics and rate of clearance of chrysotile

n a biopersistence study in vivo. In those studies, clearance times
f the order of days were reported: chrysotile fibres longer than
0 �m were cleared with a half-time of 1.3 days, most likely by
issolution and breakage into shorter fibres. Shorter fibres were
lso rapidly cleared from the lung with fibres 5–20 �m clearing
ven more rapidly (half-time of 2.4 days) than those with length
ower than 5 �m (half-time of 23 days). Breaking of the longer
bres is expected to increase the short fibre pool and therefore
ould account for this difference in clearance rates.

In the “Gamble solution” approach, Oze and Solt [22] compared
issolution rates up to 720 h at pHs 1.2 and 7.4 for chrysotile and
remolite asbestos in contact with a modified Gamble solution,
nding that bulk mineral–solution interactions govern mineral
issolution. Batch dissolution experiments were performed at
ody temperature (37 ◦C) to examine asbestos biodurabilities in

 slightly salty, acid digestive fluid (simulated gastric fluid SGF)
ompared to the higher ionic strength, near-neutral pH lung fluid
simulated lung fluid SLF). The estimated lifetime of fibres with

 �m diameter and 10 �m length was: 1 day for chrysotile and 274
ays for tremolite in SGF, respectively; 583 days for chrysotile and
452 days for tremolite in SLF, respectively.

Because different dissolution rates are expected using the two
ifferent approaches, in this project two experimental lines were
rranged. Following the experimental conditions reported in [17],
n one experimental line solid phases were put in contact with
n hydrochloric acid solution whereas following the experimen-
al conditions reported in [22], in a second experimental line, solid
hases were put in contact with a modified Gable solution. In the

atter experiment, chrysotile asbestos was tested in parallel with
RY·AS as a reference.

De Meringo et al. [23] report that no standardization of the
ethodology for acellular in vitro assessment of biodurability has

ppeared so far, and the main differences among all the applied
ethods concern the type of fluid used, the morphology of the test
aterial, and the type of test, whether static or dynamic.

. Experimental

.1. The investigated samples
The secondary raw material (KRY·AS) used for these experi-
ents is described in [11,14]. It was prepared by the industrial

hermal treatment of standard sealed packs of cement–asbestos
s Materials 205– 206 (2012) 63– 71

slates removed from industrial sites. The packs were placed in a
discontinuous industrial kiln and exposed to a firing cycle of 40 h,
including a 21 h long isothermal step at 1200 ◦C [11]. Chemical com-
position as well as mineralogical assemblage of the slates were
shown to be strongly dependent upon the production plant [24].
As a consequence, packs of slates coming from different plants that
underwent the same thermal treatment, yielded KRY·AS with dif-
ferent phase composition. On the basis of the available data, KRY·AS
can be roughly sorted out in two  classes: one with a prevailing
amount of �-larnite (C2S, Ca2SiO4), and one containing akerman-
ite (Ca2MgSi2O7) as major phase. These major phases are invariably
accompanied by other Al-, Ca-, Mg-rich silicates, common compo-
nents of Mg-rich clinkers, and amorphous phase. Samples 1 and 2
are representative of the C2S-rich class whereas Sample 3 is repre-
sentative of the akermanite-rich class.

Sample 4 is standard chrysotile asbestos SRM1866A provided
by the National Institute of Standard Technology (NIST) used
for comparison in the dissolution experiments with organic sim-
ulated lung fluids. Besides clino-chrysotile, Sample 4 contains
magnetite as minor impurity. The specific surface of this sam-
ple measured with the BET (Brunauer–Emmett–Teller) method is
51.7 m2/g. Further details of the sample can be found in Cattaneo
et al. [12]. Chrysotile was  chosen as control in dissolution tests
instead of cement–asbestos in the attempt to compare its bio-
durability with that of KRY·AS and assess whether the latter has
a lower biodurability than the dominant toxic asbestos fibres of
cement–asbestos. Crocidolite, amosite or tremolite possibly found
in cement–asbestos mixtures could also have been selected as posi-
tive controls but the dissolution rate of these minerals, as reported
in the literature, is so low that in the time spam of our experi-
ments, no reaction would have been recorded. One limit in the use
of chrysotile as positive control with respect to cement–asbestos is
that the dissolution process of KRY·AS from the chemical and min-
eralogical point of view would have been better compared to that
of the original cementitious matrix cement–asbestos.

The mineralogical and X-ray fluorescence (XRF) chemical com-
positions of the samples are shown in Table 1. The table also reports
loss of ignition, BET specific surface and parameters related to
the grain size distribution determined using laser granulometry
(D10 = the sediment size (in �m)  for which 10% of the sediment
sample is finer, D50 = Mass-median-diameter (MMD): the sedi-
ment size for which 50% of the sediment sample is finer, D90 = the
sediment size for which 90% of the sediment sample is finer).

2.2. The experimental lines

Two lines of experiments with different parameters were
arranged. The parameters that were kept fixed in both lines are the
nature of the material, starting pH (4.5) value, static mode, and tem-
perature. In the first experimental line, dissolution was followed in
hydrochloric acid solution with external buffering of the solution,
no stirring/agitation, and a ratio between the solidus (mg) and liq-
uidus (ml) of 0.67. In the second experimental line, dissolution was
followed in a modified Gamble solution, with constant agitation of
the suspension and a ratio between the solidus (mg) and liquidus
(ml) of 0.2. In both lines, the determination of the biodurability was
determined with in vitro acellular dissolution experiments repro-
ducing the chemical environment of the macrophage cells (pH 4.5).

In the first experimental line, the simulated lung fluid was pre-
pared using only hydrochloric acid (HCl). The C2S-rich KRY·AS
Sample 1 was  tested in this experimental line. Parallel medium-
short term tests have been conducted using the other akermanite

rich KRY·AS Sample 3 showing a very similar dissolution behaviour
of Sample 1. For this reason, the long-term dissolution experiment
was conducted to the end only for Sample 1. The experimental line
was arranged with a batch of 15 aliquots at room temperature and
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Table  1
The mineralogical, chemical and physical characterization of the investigated sam-
ples. Sample 1, 2, 3. Data relatively to Sample 4 are reported in the text and in
[11].

Sample 1 Sample 2 Sample 3

Rietveld agreement factors, as defined in [27]
Rwp (%) 6.60 5.62 6.73
Rp (%) 5.15 4.12 4.89
�2 1.43 3.42 6.15
Phase wt% wt%  wt%
Akermanite 1.0(3) – 55.0(1)
Bredigite – – 7.3(2)
Calcite – – 0.6(1)
C2S 71.2(2) 67.3(1) 4.9(2)
C3A  – – 0.5(1)
Ferrite 4.8(3) 6.5(2) –
Magnetite – – 0.5(1)
Merwinite 7.5(4) 1.8(1) 8.9(2)
Periclase 8.7(2) 6.3(1) –
Portlandite – 4.2(2) –
Quartz – – 1.8(1)
Ternesite – 4.3(1) –
Wollastonite – 1.1(1) 2.9(1)
Yeelimite – 0.4(1) –
Amorphous 6.8(1.0) 8.1(4) 17.6(5)
BET  (m2/g) 1.2 1.6 2.7
D10  (�m) 1.1 4.3 1.3
D50  (�m) 6.5 12.6 5.7
D90 (�m) 39.9 52.5 17.4
Oxides wt% wt%  wt%
SiO2 30.8 23.0 36.8
Al2O3 5.4 3.97 6.59
Fe2O3 3.8 2.54 4.36
TiO2 0.28 0.21 0.27
CaO 48.5 55.3 40.1
MgO  7.5 7.34 8.28
Na2O 0.36 0.12 0.7
K2O 0.34 0.36 0.35
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Fig. 1 reports the variations of pH of the suspension and
SO3 1.59 2.15 0.30
Loss of ignition 1.43 4.59 1.82

 batch of 4 individuals at 37 ◦C to reproduce the body tempera-
ure. For each treatment, 0.1 g of powder sample was poured in a
lass bottle together with 150 ml  hydrochloric acid solution with
H 4.5. The experimental mode was static and the bottles contain-

ng the suspension were shaken vigorously once a day. To monitor
he complete reaction kinetics at pH 4.5, individuals were sam-
led at selected time intervals well above the virtual completion of
he reaction. For the experiment line at 25 ◦C, the sampling sched-
le was: 1 = 6 h, 2 = 1 day, 3 = 2 days, 4 = 7 days, 5 = 14 days; 6 = 28
ays; 7 = 60 days; 8 = 90 days; 9 = 120 days; 10 = 180 days; 11 = 210
ays; 12 = 270 days; 13 = 365 days; 14 = 481 days; 15 = 561 days. For
he experimental line at 37 ◦C, the sampling schedule was: Sample
b = 6 h, Sample 2b = 1 day, Sample 3b = 2 days, Sample 4b = 7 days.

After sampling, the suspension was filtered, weighted and dried
or the successive analytical step. During the experiment, the reac-
ion between the solid phase and liquid brings new ionic species
n solution. Hence, besides ion activity in solution, the pH of the
olution gradually increases with time in absence of any buffer.
hus, after each sampling, pH was corrected to 4.5 with the addition
f HCl (external pH buffering). The measure of pH was performed
sing a 3310 JENWAY instrument which was calibrated using 2
tandard solutions at pH 4.0 and 7.0.

In the second experimental line, the C2S rich KRY·AS Samples
 and 3 were tested together with standard chrysotile. Following
ze and Solt [22], a batch of modified Gamble solution buffered
t pH 4.5 was used for this experimental line. Several replicates of
amples were simultaneously brought in contact with a fixed vol-

me  of Gamble solution in polypropylene sample vials and kept at
7 ◦C (static mode) under continuous agitation using an oscillat-

ng bottle holder system inside the low temperature kiln. To select
s Materials 205– 206 (2012) 63– 71 65

a liquidus/solidus ratio high enough to reduce the need for exter-
nal pH corrections, 50 mg  of sample and 250 ml  of solution were
prepared. At least 9 sample replicates were prepared and tested at
increasing time intervals. The sampling schedule for Samples 2 and
4 can be summarized as follows: replicate 1 = 4 h, 2 = 6.5 h, 3 = 12 h,
4 = 25 h, 5 = 60 h; 6 = 120 h; 7 = 171 h; 8 = 337 h; 9 = 480.5 h. For Sam-
ple 3: replicate 1 = 6.5 h; 2 = 12.5 h; 3 = 24.5 h; 4 = 49 h; 5 = 97.5 h;
6 = 170.5 h; 7 = 292 h; 8 = 341 h; 9 = 532 h.

At the end of each time period, the pH of the fluid was measured
and the solid was separated from the solution via filtration. The
solid was then collected from a platinum crucible after calcination
to remove the filter paper.

2.3. Analytical methods

The following analyses were conducted:

Determination of the relative weight loss of the residue, indica-
tive of the advancement of the dissolution process (in triplicate).
2.5 �m filters which were previously conditioned and weighed
were used for filtration. The filter + residues aggregate was dried
at 105 ◦C for 1 h and weighed again to determine the weight of the
residue. To cross-check the result, the filter + residues were cal-
cined in Pt crucible at ca. 800 ◦C to separate the solid fraction to be
weighed.
Determination of the element concentration (aluminium, cal-
cium, iron, magnesium, and silicon) in the filtered solution
after filtration. Calcium and magnesium were determined with
atomic absorption spectroscopy using an AAnalyst 100 Perkin
Elmer. Aluminium, iron, and silicon were determined with
ICP–OES (Inductive Coupled Plasma–Optical Emission Spectrom-
etry) instrument Optima 4200 DV Perkin Elmer.
Mineralogical quantitative phase analyses to follow the dissolu-
tion of the crystalline and amorphous phases composing KRY·AS in
the acid simulated inorganic environment were conducted using
X-ray powder diffraction (XRPD). Data were collected using a
Bragg–Brentano �–� diffractometer (PANalytical, Cu K� radiation,
40 kV and 40 mA)  equipped with a real time multiple strip (RTMS)
detector. Divergence and anti-scattering slits of 0.125◦ and 0.25◦,
respectively, were mounted in the incident beam pathway. The
pathway of the diffracted beam included a Ni filter, a soller slit
(0.02 rad) and antiscatter blade (5 mm).  The virtual step scan of
the measurement was  0.0167◦2�. Due to the paucity of the sample
powders, a silicon zero background sample holder was used. The
quantitative phase analyses were performed using the Rietveld
method [25]. The refinements were accomplished with the GSAS
[26] package and its graphical interface EXPGUI [27]. The determi-
nation of both crystalline and amorphous content was calculated
using the combined Rietveld–RIR method [28]. The calculated
weight estimates were normalized with respect to the weight of
the solid fraction and expressed in mg.
Scanning electron microscopy (SEM) study of the residual disso-
lution products was conducted using a Philips XL-40 instrument
equipped with an energy dispersive X-ray fluorescence spectrom-
eter (EDS). For the observations, a tiny amount of each sample
powder was  loaded on an aluminium stub and Gold coated.

3. Results and discussion

3.1. Dissolution in inorganic simulated lung fluids
weight of the residual fraction of KRY·AS with time. Both pH
(stable at a value of 4.5) and weight loss reach a plateau after
about 300 days indicating that the chemical reaction is completed.
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Fig. 1. Time evolution of pH of the suspension and weight of the residual frac-
tion of KRY·AS with respect to silica. See the text for details. Legend: empty
dots = pH; empty squares = Si4+ in solution (concentration % with respect to the
total amount of Si4+ contained in KRY·AS); grey squares = rescaled Si4+ in solution
(concentration % with respect to the total amount of Si4+ contained in KRY·AS);
black dots = raw weight loss; grey squares = rescaled (amorphous) silica determined
from the value of the rescaled fraction of Si4+; grey dots = total rescaled weight loss
(raw weight loss plus precipitated silica). Because, a fraction of the amorphous
phase is also due to silica re-precipitated from the solution, the chemical com-
position of the residue and the additional silicon precipitated from the solution
and  concentrated in the solid phase were determined. This value has been summed
up  to the Si4+ measured in solution to yield a graph of the “rescaled” Si4+ and
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Fig. 2. Release in solution of the major elements contained in KRY·AS (line
1,  Sample 1) during the dissolution experiment. For sake of clarity some val-
orresponding “rescaled” amorphous SiO2. If such extra silica is added to the calcu-
ated raw weight loss, the actual “rescaled” weight loss during KRY·AS dissolution
s  obtained.

s shown later, the apparent incomplete dissolution of the solid
raction is due to the precipitation of secondary silica from the
i-supersaturated solution. There is no appreciable difference
etween the experiments conducted at room temperature and
7 ◦C (see Supplementary data Fig. S1), since weight loss and pH
alues at 37 ◦C and 25 ◦C are almost identical.

Fig. 2 and Supplementary data Table S1 report the data relative
o the release in solution of the major elements constituting KRY·AS.
he dissolution of the Si-rich original phases promotes the release
f Si in solution which in turn precipitates as silica aggregates. Mag-
esium is completely released in about 100 days whereas calcium

s totally released in about 300 days. The release of aluminium and
ron is fairly different as it starts after about 250–300 days and ends
fter about 350–400 days.

A gallery of SEM micrographs of the KRY·AS residue during the
issolution experiment at pH 4.5 is portrayed in Supplementary
ata Fig. S2.  The SEM study shows that after 6 h, rare relics of

ransformed asbestos fibres visible due to the phenomenon of
seudo-morphosis extensively described in Gualtieri et al. [11]
re still observed. After 7 days, the observed specimen revealed
he presence of idiomorphic calcite crystals precipitated from the
ues have been multiplied by a rescaling factor indicated in the legend. Legend:
Black dots = Ca2+ ppm/10; Empty dots = Mg2+; Empty squares = Si4+; Black stars = Fe3+

ppm × 5; black squares = Al3+.

solution likely as a consequence of a temporary Ca-oversaturation
of the system after Ca-rich silicates dissolution. Calcite precipi-
tation continues and shows a maximum rate after ca. 28 days.
Aggregates of micrometric grains of cement crystalline phases and
likely amorphous phase are shown in an image representative of
the experiment after 28 days. The average grain size of the react-
ing grains is significantly reduced after 180 days in contact with
the acid solution. The residue after 365 and 481 days is composed
of silica particle aggregates with minor iron and aluminium, as
confirmed by the EDS analysis.

The Rietveld phase composition of the residues of the disso-
lution process is reported in Supplementary data Table S2.  Fig. 3
reports the actual weight of each crystalline phase normalized with
respect to the weight of the solid fraction in mg.  The dissolution
trends can only be understood if the evolution of the weights is
compared to the trend of ions release in solution.

C2S, the major phase of the system, is the first crystalline phase
to dissolve. Its fraction is close to zero after about 14 days (see Fig. 3a
and Supplementary data Table S2).

Crystallization of calcite and portlandite, simultaneous to C2S
dissolution is observed here and is responsible for the increase of
pH after about 100 days (see Fig. 1). Both calcite and portlandite are
metastable and completely dissolve after ca. 120 days (Fig. 3a). The
comparison of the concentration of Ca2+ released in solution with
time in Fig. 2 and the evolution of the Ca-bearing crystalline phases
in Fig. 3 reveals that most of Ca2+ is liberated during the decompo-
sition of C2S with a first minor plateau in the range 14–28 days in
correspondence with the precipitation of portlandite and calcite.
Portlandite (Ca(OH)2) and/or calcite (CaCO3) are also observed as
secondary products during the acid dissolution of Portland cements
[29].

The dissolution of the crystalline phases is a two-step pro-
cess which involves amorphization of the crystalline network and
successive dissolution. The formation of intermediate amorphous
phase is witnessed by the increase of the amorphous fraction (black
dots in Fig. 3a) whenever decomposition of a crystalline phase
occurs. A significant fraction of the amorphous phase is also due to
silica precipitated back from the oversaturated solution (see Fig. 1).
In fact, silicon is the other element released during the decompo-
sition of C2S. Figs. 1 and 2 show a striking decline of Si released
in solution with time which is effective when pH < 6.5. We have

determined the chemical composition of the residue and calculated
the additional silicon precipitated from the solution and concen-
trated in the solid phase. This value has been summed up to the
Si4+ measured in solution and plotted as rescaled Si4+. Hence, Fig. 1
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F  during the dissolution experiment. Legend: (a) Black dots = amorphous phase; empty
d H)2). (b) Black dots = merwinite (Ca3MgSi2O8); empty dots = periclase (MgO). (c) Black
d �-Fe2O3).
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Fig. 4. Evolution of pH of the suspension and weight of the residual fraction of
KRY·AS  with time (experimental line 2). Legend: empty dots = KRY·AS Sample 2;
ig. 3. Evolution of the crystalline phases contained in KRY·AS (line 1, Sample 1)
ots  = �-larnite (C2S); grey triangles = calcite (CaCO3); grey dots = portlandite (Ca(O
ots  = ferrite (C4AF); empty dots = akermanite (Ca2MgSi2O7); grey dots = hematite (

lso reports the amount of SiO2 corresponding to the amount of
i4+ effectively dissolved and eventually precipitated back from
he solution. If we sum the latter to the calculated raw weight loss
black dots in Fig. 1), we obtain the actual weight loss during KRY·AS
issolution (grey dots in Fig. 1). Hence, 100% of the raw weight loss

s never achieved not because of incomplete dissolution of KRY·AS
ut because silica is precipitated back from the solution and its
eight sum up to the residual KRY·AS fraction.

The concentration of magnesium released in solution with time
Fig. 2) and the evolution of the Mg-bearing crystalline phases
Fig. 3) reveals that most of the magnesium ions are released within
he first 60 days in correspondence with the dissolution of peri-
lase (empty circles in Fig. 3b). A further minor release in the range
0–250 days is due to the dissolution of merwinite (black dots in
ig. 3b).

The trend of Al3+ release (Fig. 2) compared to the evolution of
l-bearing crystalline phases (Fig. 3c) indicates that the crystalline
hase responsible for the release of Al3+ in solution is ferrite (C4AF,
CaO·Al2O3·Fe2O3). As a matter of fact, ferrite starts to dissolve after
00 days and is the last crystalline phase to disappear, after ca.
50–400 days, when pH < 5.0 and Fe3+ becomes soluble [30]. It is
ossible that some aluminium is also released after merwinite dis-
olution as, according to Larsen and Foshag [31], Al3+ can be found
n the tetrahedral sites of merwinite. The release of Al3+ in solution
ecomes significant only after ca. 200 days when the pH of the solu-
ion is close to 4. The release of iron in solution occurs only after
a. 270 days (Fig. 2) when pH is well below 4.5. Fe3+ is released by
he dissolving ferrite (C4AF) phase (black dots in Fig. 3c). In corre-
pondence with the release of iron in solution, hematite formation
s detected in the residue (grey dots in Fig. 3).

The presence of hematite has been confirmed in the KRY·AS sys-
em with powder diffraction and micro-Raman as already reported
n [32].

This secondary phase is the only crystalline phase found in
RY·AS at the end of the experiment and, together with precipitated
ilica, contributes to the residual fraction (Fig. 1). Because hematite
s amphoteric and dissolves in acid media [33], it should not be sta-
le in our systems and must have formed during the calcinations
rocess to obtain the KRY·AS residue.
.2. Dissolution in organic simulated lung fluids

In the second experimental line, since the starting modified
amble solution was buffered, pH values were stable and rarely
black triangles = KRY·AS Sample 3; black dots = standard chrysotile asbestos (Sample
4).

exceeded 5.0. In general, a comparison with the results obtained
from the first experimental line shows that the dissolution rates
of the second line are much higher (see Fig. 4 and Supplementary
data Table S3),  so that after about 13 days the KRY·AS samples have
already reached their maximum value of weight loss (ca. 88 wt%).

Absolute concentrations of the elements as detected in solu-
tion at different times are summarized in Fig. 5 and Supplementary
data Table S4.  Silicon is brought into solution very quickly in both
Samples 2 and 3, with a higher dissolution rate for the latter. In
both samples, magnesium reaches a plateau just after 48 h, with
different absolute values reflecting the different Mg2+ content of
the two samples (Table 1). In chrysotile, Si4+ and Mg2+ show a
trend in accordance with the overall weight loss of this sample.
Calcium is released in solution in about 120 days for Sample 2 and
100 days for Sample 3, respectively followed by a slight decrease
that is due to precipitation of Ca-bearing phases during the final
stages of the experiment. Release of aluminium and iron is strictly
dependent upon their narrow solubility field. A pH of 4.5 falls in
a region where their solubility is very low [34]. As a consequence,
measured concentrations for most replicates are under the instru-
mental detection limit (see Supplementary data Table S4). Under
these conditions no clear trends were recognizable.
The SEM investigation (Supplementary data Figs. S3a and
S3b for Samples 2 and 3, respectively) evidences for both
samples the tendency to decrease the crystal size with time,
and the gradual appearance of halite (NaCl), whitlockite
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Fig. 5. Release in solution of the major elements contained in KRY·AS (Samples 2
and  3) and standard chrysotile asbestos (experimental line 2) during the dissolution
experiment. Legend: grey dots = Sample 2, Mg2+; grey squares = Sample 2, Ca2+; grey
triangles = Sample 2, Si4+; empty dots = Sample 3, Mg2+; empty squares = Sample
3
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,  Ca2+; empty triangles = Sample 3, Si4+; black dots = Sample 4, Mg2+; black trian-
les = Sample 4, Si4+.

Ca9(Mg,Fe)(PO4)6(PO3OH)), tychite (Na6Mg2(CO3)4(SO4)) and
ridymite (SiO2) after about 170 h. Halite, a component of the
amble solution, is often found in small crystals finely dispersed

hroughout the residue. After 4 h, residual crystals are still visible
ut later their dimensions are progressively reduced. Towards the
nd of the experiment, ferrite is also observed. Akermanite and
2S crystals are found in the sample replicates taken after 6.5 h and
fter 24.5 h. At later times they became quite rare. An exception is
he akermanite/gehlenite individual found after 170.5 h. At longer
issolution times, the presence of newly formed phases is detected
i.e. whitlockite at 532 h).

Fig. 6 reports the absolute weight of crystalline phases vs. time.
n accordance with the total weight loss, the general trend is to
ring absolute weights close to zero in less than 300 h.

C2S quickly dissolves during the first 12 h for Samples 2 and 3.
he same occurs for akermanite, merwinite and bredigite, for Sam-
le 3, and periclase and portlandite for Sample 2. The dissolution of
hese phases is accompanied by massive release of Ca2+, Mg2+ and
i4+ in solution (see Fig. 5). Lower dissolution rates are found for
ollastonite (Fig. 6h), quartz (Fig. 6g) and ferrite (Fig. 6a). For both

amples, the sum of amorphous fraction and newly formed phases
hows a complex trend. Because its original amorphous content is
elatively small, the dominant effect in the first 6 h in Sample2 is the
issolution of crystalline phases prompting a remarkable increase
f the amorphous content (see Fig. 6a). After 24 h, when this con-
ribution is reduced, the amorphous fraction follows a depletion
rend. Later, a plateau is reached, and, as precipitation of new
hases dominates, a new increase occurs towards the end of the
xperiment for the precipitation of secondary silica. The amor-
hous content of Sample 3, as reported in Table 1, is more than
wice as large as that of Sample 2. The effect of its dissolution will
onsequently be higher. Actually, as evidenced in Fig. 6e, in the first
eriod (6 h), the amorphous contribution is dominant. This contri-
ution is still dominant after 12 h, as crystalline phase dissolution

s almost exhausted. During the second part of the experiment, the
recipitation of new phases counterbalances this trend.

In Samples 2 and 3, increasing amounts of halite were detected
fter 120 h and 171 h, respectively. Halite is later substituted by

hitlockite and tychite (292 h). In both Samples 2 and 3, secondary

ilica appeared after 340 h as trydimite, plausibly crystallized
uring the sample heating in the platinum crucible (see Section
.3) from the amorphous Si-rich phase provided by the dissolution
s Materials 205– 206 (2012) 63– 71

of silicates. As depicted in Fig. 6g, the presence of silica in solu-
tion may  also originate from the dissolution of quartz, that has
been detected only in Sample 3. Its smooth decrease, evidenced
in Fig. 6g, and the absence of any appreciable variation in the shape
of the (1 0 1) diffraction reflection, suggest that a re-precipitation
of silica as quartz can be excluded. C4AF and magnetite, detected in
Samples 2 and 3, respectively (Fig. 6a and g), are the main iron bear-
ing phases. As already discussed, ferrite dissolves very slowly. Iron
released after phase dissolution has been detected in the residue as
hematite starting from 170 h to the end of the experiment. Hematite
should have formed similarly to what was  already described in
Section 3.1.

3.3. Dissolution in inorganic vs. organic simulated lung fluids

A comparison of the results of our dissolution experiments con-
ducted with inorganic and organic simulated lung fluids clearly
shows that the contour experimental conditions play a key role
and totally different dissolution rates may  be obtained if such con-
ditions are varied. It is clear from the kinetics of the dissolution
process that the rate determined from experimental line 1 is far
slower than the dissolution rate determined from experimental
line 2 (dissolution time of 253 days for experimental lines 1 and
20 days for experimental line 2, respectively in Table 2). Compara-
ble estimated times of dissolution of chrysotile from experimental
line 2 and from the experiment described in [17] with inorganic
dilute HCl solution, indicate that the nature of the solution used
is probably not a major factor governing the rate of dissolution of
the investigated materials. It was also demonstrated that the rates
at 25 ◦C and at 37 ◦C determined for the experimental line 1 are
nearly identical (Supplementary data Fig. S1)  indicating that the
rates of reaction kinetics are comparable at these two tempera-
tures. As far as the buffering condition is concerned, Christensen
et al. [35] have demonstrated that the dissolution rates for differ-
ent Ca–Si-rich man-made vitreous fibres in a dynamic flow-through
method experiment and in a stationary experiment (where pH was
manually adjusted just like the one conducted here) were in the
same relative order. This seems to downgrade the importance of
buffering as the dissolution rate limiting factor. Minor influence of
the different agitation conditions is also expected because even in
[17] the suspension is apparently not agitated. Besides that, the bot-
tles in experimental line 1 were shaken every day simulating some
sort of agitation. Thus, the major factor which should govern the dif-
ferent rate of dissolution in the two experimental line is the early
saturation of silica due to the high solidus/liquidus ratio. Oze and
Solt [22] have already demonstrated that in undersaturation region,
the rate of Si4+ release is influenced by the concentration of particles
in suspension. The high suspension density in the experimental line
1 prompts an early saturation of the system with respect to silicon
and a limitation of the dissolution speed of the overall system. As
a matter of fact, our experimental results show that KRY·AS (with
1–2 m2/g specific area: see Table 1) prompts silica saturation when
solidus/liquidus (mg/ml) = 0.67 whereas saturation does not occur
when the ratio is 0.2. Comparable results have been obtained for
chrysotile (with 6.14 m2/g specific area) suspension in a simulated
gastric fluid SGF solution (pH 1.2) where silica saturation of the
solution is attained with large solidus/liquidus ratios whereas no
saturation is observed when the ratio is 0.2 [22]. Although many
factors such as chemistry and specific surface of the solid phase
and pH of the solution, affect silica saturation of the solution in
these systems, saturation in general is certainly prevented when
solidus/liquidus (mg/ml) is set to very low values (<0.2).
Hence, the low dissolution rate of silica in acid solution (well
described in the literature [36]) is the actual rate limiting step of
the overall dissolution kinetic. Moreover, it is well known that the
lifetime of chrysotile fibres is controlled by the dissolution rate
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Fig. 6. Evolution of the crystalline phases contained in KRY·AS (line 2, Samples 2 and3) during the dissolution experiment. Legend: Sample 2 (a) empty dots = amorphous
p erwin
( (SO4))
d -larn
b dots =

o
l
p
m
a

T
C

hase; black dots = �-larnite (C2S); grey triangles = ferrite (C4AF). (b) Empty dots = m
CaSiO3); black dots = periclase (MgO). (d) Empty dots = yeelimite (Ca4Al6O12

ots  = amorphous phase; black dots = akermanite (Ca2MgSi2O7). (f) Empty dots = �
lack  dots = bredigite (Ca7Mg(SiO4)4). (h) Empty dots = magnetite (�-Fe3O4); black 

f the silica layer as magnesium in acidic environment quickly
eaches [17,37]. This also applies to the Ca–Mg–Si-rich cement

hases contained in KRY·AS whose behaviour resemble that of com-
on  Portland cement phases (see Section 3.1)  with the silicate and

luminate phases decomposed with removal of calcium [38].

able 2
omparison of dissolution times in acid environment of the main natural and man-made

Phase pH of the
solution

Mean particle
diameter D0 or
D0 × L (length)
(�m)

Es
tim

Amosite 4.5 0.5 25
Amorphous silica 2.0–6.0 1.0 15
KRY·AS  sample 1 4.5 10.0 25
KRY·AS  sample 2 4.5 10.0 20
KRY·AS  sample 3 4.5 7.0 20
Chrysotile 4.0 1.0 × 10.0 18
Chrysotile 2.0–6.0 1.0 × 10.0 27
Chrysotile 1.2 <10.0 1 

Chrysotile NIST 4.5 1.0 × 10.0 29
Crocidolite 4.5 0.5 50
MMMF  ceramic fibres 4.5 1.54 35
MMVF  glass wool 4.5 1.44 27
MMVF  glass wool 4.5 1.14 19
MMVF  rock wool 4.5 1.43 17
MMVF  slag wool 4.5 1.41 47
Tremolite 1.2 <10.0 27
Quartz 2.0–6.0 1.0 6.2

a Estimated error in parenthesis.
b Calculated from the equation: t = D0/2�Si using the rate constants for the dissolution o
ite (Ca3MgSi2O8); black dots = portlandite (Ca(OH)2). (c) Empty dots = wollastonite
; black dots = ternesite (silicocarnotite Ca5(SiO4)2SO4). Sample 3: (e) empty
ite (C2S); black dots = merwinite (Ca3MgSi2O8). (g) Empty dots = quartz (�-SiO2);

 wollastonite (CaSiO3).

3.4. Kinetic analysis
The kinetic analysis of the dissolution of KRY·AS cannot be
undertaken using the same approaches described for single min-
eral phases (chrysotile and tremolite) in the literature [17,22].

 mineral/vitreous fibres (MMMF/MMVF).

timated dissolution
e (days)a

Mode of the experiment
and solidus/liquidus
ratio (mg/ml)

Reference

00b Dynamic [45]
9,870 Static 0.1 [44]
3(15) Static 0.67 This study
(1) Static 0.2 This study
(1) Static 0.2 This study
0 Dynamic [45]
0 Not reported [17]

Static 0.5–50 [22]
8(18) Static 0.2 This study
00b Dynamic [45]
0b Dynamic [45]
7b Dynamic [45]
00b Dynamic [45]
8b Dynamic [45]
b Dynamic [45]
4 Static 0.5–50 [22]

 × 108 Static 0.1 [44]

f Si �Si from Table 4 after [58].
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RY·AS is a polyphasic system and therefore, following the kinetics
f dissolution reaction of a single element such as silicon and/or
agnesium may  not be indicative of the overall reaction kinet-

cs. In the case of chrysotile, because the dissolution reaction for
H < 9.0 is Mg3(OH)4Si2O5 + 6H+ = 3Mg2+ + 2H4SiO4 + H2O, Hume
nd Rimstidt [17] followed the reaction kinetics by monitoring the
issolution of silicon and magnesium and applying a shrinking par-
icle model. Even the dissolution process of cement and carbonate
ystems in acid environment is followed by monitoring specific
hemical parameters as the release of calcium in solution [39]. For
alcite and dolomite at pH values above approximately 4.0 the sur-
ace reactions dominate. The surface area normalized dissolution
ate is given by r = kacH

n where cH is the proton concentration adja-
ent to the mineral surface and ka the rate constant. The exponent

 is the order of the reaction.
In this study to follow the overall dissolution reaction of KRY·AS

nd determine the relative kinetic parameters, the analysis has
een performed using a direct evidence of the dissolution process,
he actual (residual) weight vs. time. The rescaled residual weight
as been converted into the conversion factor (˛: [40]) to draw
he ˛-time plot (Fig. 7a) to be treated as a conventional isother-

al  curves at 37 ◦C. For the isothermal analysis, the following
eneral kinetic equation in the integral form can be used: g(˛) = kt
41,42]. An appropriate kinetic model function g(˛) is usually esti-

ated by plotting g(˛) vs. t with the rate constant k calculated from
he slope of the line obtained. For all the experiments, the best
t (Fig. 7b) was obtained with an F3 third order reaction model,
n appropriate approximation to describe solution mediated reac-
ions [43]. The regression coefficients are 0.9867 ≤ R2 ≤ 0.9974
nd the calculated rate constants are k = 7.978 × 10−6 min−1 for
tandard chrysotile; k = 8.410 × 10−4 min−1 for KRY·AS Sample 1;

 = 7.346 × 10−3 min−1 for KRY·AS Sample 2; k = 7.445 × 10−3 min−1
or KRY·AS Sample 3. The sigmoid kinetic equation used for
he determination of the rate constants cannot be used for the
etermination of the total dissolution times of the investigated

ig. 7. (a) The ˛-time plots relative to the dissolution kinetics of the investigated
amples. (b). The best fit obtained using an F3 kinetic equation relative to the kinetic
nalysis of the curves plotted in (a), see the text for details.
s Materials 205– 206 (2012) 63– 71

samples because for  ̨ → 1, time (t) → +infinite. To do this, a fit
with an empirical nonlinear expression was used. The best fit was
obtained using the equation  ̨ = ˛0 + a × ln(t  − t0) which allowed the
determination of the parameters ˛0, a, and t0. The regression coef-
ficients are 0.9919 ≤ R2 ≤ 0.9991. The total dissolution times was
then determined by simply make  ̨ equal to 1 in the expression

 ̨ = ˛0 + a × ln(t  − t0) to get:

t = exp[1 − ˛0/a]
t0

The values are reported in Table 2 together with dissolution times
from the existing literature known to the authors for the in vitro
dissolution of various mineral particles, natural and man-made
mineral fibres. The estimated dissolution time of KRY·AS is fairly
shorter with respect to the chrysotile standard used for compar-
ison and with respect to minerals such as amosite, crocidolite,
and quartz considered carcinogenic by the International Agency
for Research on Cancer. Tremolite displays shorter dissolution time
but it was  dissolved in a strongly acid solution (pH 1.2). The slow
dissolution rate of KRY·AS Sample 1 in inorganic solution is due to
the formation of amorphous silica. The formation of amorphous sil-
ica and its role as rate limiting step of the dissolution reaction has
already been pointed out in [17] and witnessed by its extremely
sluggish dissolution time. It is true that organic compounds that
complex and make silica soluble will likely shorten the life-time
of a fibre (particle), whereas compounds that adsorb and protect
it from dissolution will increase the lifetime of the fibre (particle)
[17].

4. Conclusions

In  vitro biodurability was tested on the products of transforma-
tion of cement–asbestos at 1200 ◦C (KRY·AS) using both inorganic
and organic simulated lung fluid. It was  proven that the experimen-
tal conditions strongly influence the rate of dissolution and the total
dissolution time. The latter was  estimated from the experimental
line using inorganic HCl diluted solution without buffering to be of
an order of magnitude higher than that determined from buffered
Gamble solution (253 days vs. 20 days). Equally to chrysotile
asbestos, the rate limiting step of the overall dissolution reaction
is the dissolution of silica as its solubility in acid environment
(macrophage intracellular environment) is very low. The calcula-
tion of the rate constants of dissolution reveal that, in agreement
with literature data, standard chrysotile asbestos dissolves very
slowly at pH 4.5 with respect to KRY·AS. Therefore, the biodurabil-
ity in vitro of KRY·AS is much lower with respect to that of chrysotile
asbestos (total estimated dissolution time of 20 days vs. 298 days,
respectively). This is a further verification of the very low potential
toxicity of this secondary raw material. These results are of great
importance because they are a further confirmation of the viability
of the process of thermal transformation of cement–asbestos into a
secondary raw material to be safely recycled in different industrial
applications.
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