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Abstract Two series of aluminosilicate glasses have been

synthesized with the nominal composition (64 - x) SiO2–x

Al2O3–36 Na2O/CaO with x varying from 9 to 19 mol%.

They have been corroded in static conditions in a solution

that mimics in a simplified manner the intracellular med-

ium of the lung alveolar macrophages (37 �C, pH 4.6, citric

acid). The original and corroded glasses have been studied

by 27Al and 29Si MAS NMR. Both series display a sharp

increase in the silicon dissolution rate with the alumina

content. The glass network dissolves extremely slowly,

whereas the release of excess sodium is very fast, for the

glasses with low alumina content. On the opposite, the

glasses with high alumina content dissolve much more

rapidly in a nearly congruent manner. The crossover

between the two behaviors occurs for x = 13, which cor-

responds to 33% of aluminum in the glass-former network.

The sharp crossover from slow to fast network dissolution

is explained in terms of connectivity of the silica sub-net-

work. Above a certain amount of alumina, the silicon sub-

network is no more percolating and the corroded glass

breaks up into colloids. The sharpness of the transition and

the relatively low alumina content required for fast

dissolution are related to a structural feature of the alu-

minosilicate glasses, namely the aluminum self-avoidance

that decreases the connectivity of the silica sub-lattice.

Introduction

The asbestos tragedy raised concerns about the possible

health effects of the mineral vitreous fibers used as asbestos

substitutes for insulation or material reinforcing [1–3]. The

innocuity of fibers is mainly assessed by exposing rodents

to fiber inhalation or intratracheal instillation and making

statistics either on the development of disease [4–6] or on

the persistence of fibers in the lung [7–9]. As both involve

animal killing, it is highly desirable to dispose of scientific

bases to design materials with chemical compositions that

warrant fiber biosolubility. Various empiric rules have been

proposed based on both in vivo tests and in vitro dissolu-

tion experiments [10–13].

Several mechanisms are responsible for the clearance of

the fibers inhaled and deposited in the lung [1, 2]. The

fibers that are short enough (\20 lm) to be fully engulfed

by the alveolar macrophages are phagocytized and trans-

ported toward the upper airways through the ciliary esca-

lator. The long fibers can be dissolved in the lung

extracellular fluid. They can also be broken into shorter

fibers [14] after partial dissolution by the macrophages that

attach themselves onto the fibers [15, 16]. Since the pH of

the macrophage phagolysosomes is lower than the extra-

cellular one (4.5 vs. 7.4), variant dissolution mechanisms

are possible. In particular, the so-called high temperature

(HT) stone wool fibers with high alumina content, which

are hardly dissolved in the nearly neutral extracellular

fluid, become easily soluble in the acidic conditions of

the macrophage internal medium [17–21]. In order to
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determine the amount of alumina required to make this

mechanism efficient, we studied the dissolution of two

series of glasses obtained by varying systematically the

alumina-silica ratio. The dissolution was performed in a

solution which mimics in a simplified manner the internal

fluid of the phagolysosomes.

Experimental

The nominal glass compositions were (64 - x) SiO2–x

Al2O3–36 Na2O and (64 - x) SiO2–x Al2O3–36 CaO,

where x ranged from 9 to 19 mol%. The glasses were

prepared by mixing appropriate amounts of reagent grade

silica, alumina, and sodium or calcium carbonate. The

fabrication consisted in an intermediate step at 1050 �C for

removing carbon dioxide and a final step at 1500 �C for

melting the glasses. The glasses were quenched by pouring

onto a copper plate or by dipping the platinum crucible in

water when the viscosity was too high for pouring. Then,

they were ground into small pieces, mechanically milled in

an agate mortar and screened to produce different size

fractions. The fraction 80–120 lm was used in the exper-

iments. Tables 1 and 2 give the actual glass composition as

measured by induced coupled plasma-atomic emission

spectroscopy (ICP-AES) and the specific surface area

of the calibrated powders as measured by krypton gas

adsorption according to the BET method.

Glasses were corroded at 37 �C in static conditions

(closed reactor) using 1 g of powder in 450 mL of solution.

This makes the S/V (glass surface area-to-solution volume

ratio) equal to 1 cm-1 owing to the specific surface area of

about 450 cm2 g-1. A constant pH of 4.6 was achieved by

using an acetate buffer. Tribasic ammonium citrate

(0.5 mmol L-1) was added as a complexing agent since it

is known that the formation of aluminum complexes with

citric and other organic acids plays a major role in alu-

minosilicate fiber dissolution [22]. Ammonium salts were

preferred to sodium ones with a view to monitor the release

of sodium in solution. The solution was periodically sam-

pled (typically 2 mL) to measure the concentrations of the

different cations. Silicon, sodium, and aluminum concen-

trations were measured by colorimetry, flame spectroscopy,

and ICP-AES, respectively. The complete kinetics (more

than 1 year) was recorded for the sodium glasses, whereas

only the initial dissolution regime was monitored for the

calcium glasses.

The pristine and corroded glasses were characterized by

NMR MAS spectroscopy. The experiments were per-

formed at 93.84 MHz for 27Al and at 73.54 MHz for 29Si.

The MAS rotation speed was 10 kHz. The pulse durations

were 4 and 10 ls, and the repetition times were 1 and

100 s, for 27Al and 29Si, respectively.

Results

The dissolution rate was calculated from the initial linear

variation of silicon concentration versus time:

k ¼ V

S fSi

dCSi

dt

�
�
�
�
t¼0

where V is the solution volume, S the initial glass surface

area exposed to corrosion, CSi the measured silicon con-

centration in solution, and fsi the silicon mass fraction in

the original glass. Figure 1 displays the dissolution rate as a

function of alumina content for both series of glasses. The

dissolution rates for calcium glasses were systematically

lower than the ones for the sodium glasses having the same

alumina content. This was expected since the replacement

of monovalent Na? by divalent Ca2? induces ionic bonds

between non-bridging oxygen atoms, which strengthens the

network. However, the most impressive were the sharp

and parallel increases of the dissolution rates with the

alumina content. The glasses with alumina content below

13 mol% displayed a dissolution rate below or around

100 ng cm-2 h-1, which is considered as the innocuity

threshold [23], whereas glasses with alumina content

higher than 14 mol% were fully above.

Table 1 Compositions and specific surface area of the calibrated

powders for the sodium glasses

x SiO2 Al2O3 Na2O R (cm2 g-1)

mol% wt% mol% wt% mol% wt%

9 54.8 51.1 8.7 13.8 36.5 35.2 368

11 52.6 48.4 10.8 16.9 36.6 34.7 497

13 52.0 47.3 12.6 19.4 36.5 33.3 497

15 49.2 44.2 14.7 22.4 36.0 33.4 434

17 46.0 40.9 16.1 24.1 38.0 34.9 429

19 43.6 38.1 19.2 28.4 37.2 33.5 426

Table 2 Composition and specific surface area of the calibrated

powders for the calcium glasses

x SiO2 Al2O3 CaO R (cm2 g-1)

mol% wt% mol% wt% mol% wt%

9 55.5 53.3 9.3 15.1 35.2 31.6 458

11 53.4 50.9 10.4 17.0 36.2 32.2 468

13 52.0 48.9 12.8 20.4 35.2 30.9 464

15 49.3 45.6 14.8 23.3 35.9 31.1 474

17 48.6 44.4 16.9 26.2 34.5 29.4 455

19 45.9 41.5 18.7 28.6 35.4 29.9 454
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To understand the reason for the rapid change in the

dissolution rate, it is useful to consider the complete

kinetics. Figure 2 shows the time evolution of Si, Al, and

Na leached fractions for the six glasses of the Na series

(hereafter designated as xAl). The leached fraction is

defined for each cation (i = Si, Al, and Na) as the ratio of

the dissolved mass ðmd
i Þ to the mass in the original glass

ðmg
i Þ:

LFi ¼
md

i

mg
i

¼ Ci V

fi m

where m is the mass of the glass powder before corrosion.

A few significant points stand out from the data in Fig. 2.

Firstly, network formers (Si and Al) dissolved almost

congruently, except for glass 13Al. Secondly, the release of

sodium was very fast compared to network dissolution in

the three low alumina glasses (first row). Conversely, the

initial dissolution was congruent and sodium continued to

be slowly released after silica saturation for the three high

alumina glasses (second row). Thirdly, the saturation of the

solution with respect to silica was not achieved even after

1 year for the most slowly dissolving glass (9Al). It was

reached more or less rapidly, but monotonously, for sam-

ples 11Al to 15Al, for which the final silicon concentration

(about 40 mg L-1) corresponds quite well to the silica

solubility in the present conditions of temperature and pH.

On the contrary, there was an important silicon oversatu-

ration for samples 17Al and 19Al, where the concentrations

rise up to 90 and 110 mg L-1, respectively, before slowly

decreasing to more regular values.

The differences in corrosion mechanisms were also

obvious in the structure of the corroded glasses. Figure 3

displays MAS NMR spectra for samples 11Al and 17Al

before and after alteration. The position of the 27Al NMR

line (chemical shift at 50 ppm) shows that aluminum was

in tetrahedral coordination in the original glasses. It

remained in the same environment in the altered sample

11Al, whereas part of the aluminum cations became octa-

hedrally coordinated in the altered sample 17Al (chemical

shift at 0 ppm). Octahedral aluminum was recently

observed in the corrosion of other aluminosilicate glasses

and was attributed to an in situ transformation of the
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Fig. 1 Variation of the silicon dissolution rate with the alumina

content for Na (circle) and Ca (square) series of glasses
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Fig. 2 Corrosion kinetics of the six sodium glasses. The leached

fractions of Si (open circle), Al (closed square), and Na (open
diamond) are plotted versus time. Note that the Y-scale is different for

Na (left) and Si and Al (right) for the glasses of the first row (9Al to

13Al), but is the same for the ones of the second raw (15Al to 19Al).

Note also that the time scale is different for samples 17Al and 19Al
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aluminum environment in the altered layer [24]. In both

samples, there was a small upfield shift of the 50 ppm line

in corroded glasses, which can be attributed to the

restructuring of the glass network. The line shift was much

more important in 29Si NMR. The whole line was shifted

from -82 to -96 ppm in sample 11Al. The same shift was

observed in 17Al but it concerns only 50% of the silicon

atoms. These upfield shifts brought out the network repo-

lymerization following the departure of the sodium cations.

Discussion

There is a clear partition of the glasses into two families,

regarding both the dissolution kinetics and the structure of

the corroded glasses. Samples 9Al to 13Al present a

homogeneous structural transformation as highlighted by

NMR and by the fast release of 80–90% of sodium. The

remaining sodium atoms are expected to play the role of

charge-balancing cations for AlO4
- units. This transfor-

mation is followed by the slow dissolution of the vitreous

network. On the contrary, a core of unaltered glass coexists

with a corroded surface crown after the fast initial disso-

lution in samples 15Al to 19Al. Interestingly, the release of

sodium through the corroded layer is much slower than

through the unaltered network of the low alumina glasses.

This is a consequence of the restructuring and the densi-

fication of the corroded layer, which inhibit or at least slow

down the transport of soluble cations [25, 26]. The disso-

lution rate variation is clearly not controlled by the degree

of polymerization of the vitreous network, since the

number of non-bridging oxygens decreases as alumina

content increases (Table 3). We rather propose that the

difference between low alumina glasses (slow and highly

non-congruent dissolution) and high alumina glasses (fast

and congruent dissolution) is related to the connectivity of

the silica sub-lattice. When this sub-lattice becomes non-

percolating owing to the increase in alumina content, small

clusters can be easily disconnected from the glass surface

after dissolution of the surrounding aluminum atoms. This

should lead to a disintegration of the glass surface in the

form of small colloids. This view is supported by the silica

oversaturation observed in samples 17Na and 19Na

(Fig. 2e, f). It is relevant to notice that silica oversaturation

has been already observed in some minerals (pseudowo-

llastonite, b-CaSiO2) as a direct consequence of the pres-

ence of small-sized isolated clusters in the structure of the

material [27].

-50050100150

(a) 11Al
27

Al

ppm from Al(OH)
6

3-

corroded
glass

pristine
glass

-200-150-100-500

ppm from TMS

(b) 11Al
29

Si

corroded
glass

pristine
glass

-50050100150

ppm from Al(OH)
6

3-

(c) 17Al 
27

Al

pristine
glass

corroded
glass

-200-150-100-500

ppm from TMS

(d) 17Al
29

Si

altered
glass

pristine
glass

Fig. 3 27Al and 29Si NMR

spectra of glasses 11Al and

17Al before and after corrosion.

The spectra of samples 9Al and

13Al looked like the ones of

11Al, whereas those of 15Al

and 19Al were alike the ones of

17Al

Table 3 Structural characteristics of the vitreous networks

x Na glasses Ca glasses

RNBO RAl RNBO RAl

9 0.77 0.24 0.70 0.25

11 0.69 0.29 0.69 0.28

13 0.59 0.33 0.58 0.33

15 0.54 0.37 0.54 0.38

17 0.57 0.41 0.43 0.41

19 0.44 0.47 0.40 0.45

RNBO is the number of non-bridging oxygen per tetrahedron and RAl is

the proportion of aluminum among the glass network formers
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Percolation has been already invoked in the corrosion of

sodium borosilicate glasses [28–30], where boron plays the

same role as aluminum in the present case. The relevant

parameter is the proportion of soluble cations among the

glass network formers:

RM ¼
½M�

½Si� þ ½M� ¼
2½M2O3�

½SiO2� þ 2½M2O3�

where M can be either Al or B (the actual RAl values are

given in Table 3). There are two percolation transitions:

one for the M sub-lattice at RM = pc, and another one for

the silica sub-lattice at RM = 1 - pc. Assuming pc smaller

than 0.5, the transitions define three domains that present

distinct behaviors with respect to corrosion. At low M2O3

content ðRM\ pcÞ; the clusters of directly connected M

tetrahedrons are finite in size. Thus, the dissolution of the

M sub-lattice requires the one of silica, which makes the

network dissolution congruent. In the intermediate domain

ðpc\RM\1� pcÞ; both sub-lattices are percolating. The

soluble network-former cations can be selectively extracted

without silica dissolution. Finally, at high M2O3 content

ðRM [ 1� pcÞ; the silica sub-lattice is no more percolating

and thus small glass fragments can be dissolved as col-

loidal particles. The whole glass dissolution is congruent.

In borosilicates, the first transition arises for R1
B � 0:40

[29] and the second one was found around R2
B � 0:57 [28].

Both results agree with a pc value close to the percolation

threshold for the diamond lattice (pc = 0.39 and 0.42 for

bond and site percolations, respectively), which presents

the same coordination number as the tetrahedral glass

network.

In the present case, the transition to colloidal dissolution

takes place at much lower aluminum content. The bor-

derline between slow and fast dissolution occurs around

13 mol% Al2O3, which corresponds to R2
Al � 0:33

(Table 1) instead of 0.57 for borosilicates. This low value

can be explained by a specific structural feature of the

aluminosilicate glasses. Actually, in standard percolation

theory, the two species are supposed to be randomly dis-

tributed on the lattice sites. It is well known that this is not

true for the Si and Al tetrahedrons in aluminosilicate

glasses [21, 22]. According to Loewenstein’s rule [31],

there is an aluminum self-avoidance in these glasses. This

increases the relative amount of Si tetrahedrons required

for the percolation of the silica sub-lattice. Indeed, the

proportion of Si–O–Si bonds is no more 1 - RAl, but 1 -

2RAl in case of perfect self-avoidance. Then, the bond

percolation of the silicon sub-lattice should disappear for

1 - 2RAl \ pc, that is for RAl [ 0.31 instead of 0.61 for

random percolation. The small difference with the experi-

mental value (0.33) can be explained by an incomplete

Al-avoidance. Furthermore, the intermediate regime where

both sub-lattices are percolating does not exist at all for

perfect Al-avoidance, and should be quite limited in case of

incomplete avoidance. It would correspond to sample

13Al, which is the only glass having non-congruent Si and

Al dissolution (Fig. 2c). The almost absence of the inter-

mediate regime also explains the sharp partition in soluble

and insoluble glasses for aluminosilicates, whereas a

smooth transition was observed in borosilicates [29].

Conclusion

It has been demonstrated that it exists a sharp threshold in

alumina content to insure the fast dissolution of the alu-

minosilicate glasses in weakly acidic conditions. More-

over, it has been shown that the low value of the threshold

is a direct consequence of the specific structure of alumi-

nosilicate glasses. The similar variations of the dissolution

rates for the Na and Ca series of glasses indicate that the

transition is an intrinsic property of the aluminosilicate

network. The dissolution rates measured for the calcium

series are in general agreement with the measurements

made on commercial HT stone wool fibers that contain a

significant amount of earth-alkali oxides (mainly Ca and

Mg) and a much smaller amount of alkali oxides [19–21].

However, the sharp transition between slowly and rapidly

dissolving glasses is much more visible in this study

because of the controlled glass composition, whereas

commercial fibers contain variable amounts of different

oxides, which partly blurs the variation of the dissolution

rate with respect to alumina content.
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