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Dissolution kinetics of glass fibres in saline solution: 
in vitro persistence of a sparingly 
soluble aluminium-rich leached layer 
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&IRA CNRS 1366 Universit# d'Orloans, Ecole Suporieure de I'Energie et des Matoriaux, 
Rue L#onard de Vinci, 45072-Orleans Cede)( 2, France 

The dissolution of boro-silicate glass fibres in physiological saline solution was studied at 
37 ~ either in a non-refilled or in a periodically refilled reactor. Large variations of the weight 
losses were observed with time and refilling frequencies. The weight losses were found to 
increase with the refilling frequency. Sections of altered fibres, studied using scanning 
electron microscopy, show an outer hydrated layer surrounding an unaltered glass core. The 
residual silicon- and aluminium-rich hydrated layer (AI/Si = 0.2, H20/AI = 16-19) was 
characterized by X-ray photoelectron spectrometry, energy dispersive spectrometry and 
thermogravimetric analysis. The thickness of the hydrated layer may be theoretically 
calculated from the degree of reaction progression. Under unsteady state conditions, most 
of the dissolution occurs at the fresh glass-hydrated layer boundary, through selective 
processes. The proposed model explains the persistence of the a]uminium-rich residue 
when dissolution proceeds in non-replenished systems. 

1. Introduction 
Estimations of the biodurability of man-made mineral 
fibres (MMMF) are important to select harmless 
materials [1]. Because of the high cost of in vivo 
experiments, most of these determinations are usually 
carried out in vitro [-2-9] using physiological saline 
solutions. An objective of this work was to study the 
dissolution kinetics and mechanisms of boron-rich 
siliceous glass fibres, chosen as a model of biodegrad- 
able MMMF, in order to understand the persistence 
of sparingly soluble residues. 

In acid and neutral solutions, the dissolution of 
silicate glasses under steady-state conditions results in 
the formation of a leached layer, whose thickness 
intrinsically depends on the composition of these ma- 
terials [10-17]. Dissolution is either transport- or 
reaction-controlled [18 21] and modelling must take 
into account the following processes: (i) selective dis- 
solution at the hydration front, at the bottom of the 
leached layer; (ii) dissolution of the leached layer 
through surface reactions; (iii) transport in the solu- 
tion; and (iv)transport by diffusion through the 
leached layer. 

Unfortunately, any quantitative global approach 
depends on a number of hypotheses and mathematical 
simplifications and most interpretations are limited to 
the modelling of the surface reaction (process ii) using 
the transition-state theory [22-26]. 

A general consequence of the data presented in this 
paper is to demonstrate, through a kinetic experi- 
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mental study and a mass-balance interpretation, that 
under unsteady state conditions, the solubilization of 
a silicate glass occurs mostly through selective leach- 
ing (process i) while congruent dissolution of the 
leached layer (process ii) is inhibited by silica diffusing 
to the solution from the hydration front. 

2. Materials and methods 
Experiments were performed with a relatively rapidly 
dissolving glass (referred to as CM44), whose com- 
position (Table I) is derived from that of an insulation 
glass. The fibres of uniform diameter 10.0 4- 1.0 ~tm, 
were obtained by a textile process (courtesy of Saint- 
Gobain Recherche, Aubervilliers, France). 

The dissolution of the glass fibres was investigated 
at 37 4- 1 ~ in a physiological saline solution (Table 
II) derived from the Gamble solution [27] and de- 
veloped by Kanapilly et al. [28]. This solution, pre- 
viously used by Feck [29] and Leineweber [30], was 
poorer in calcium ions than that used by Scholze and 
Conradt [7]. Its initial pH ranged from 7.6-8.0. To 
prevent the growth of microorganisms, 0.5 ml formal- 
dehyde was added per litre of solution. 

Investigations were carried out using two experi- 
mental leaching devices. The first one used successive 
batches (experiments in static mode referred to as ST) 
while the second one had been designed to period- 
ically renew the solution (experiments in periodic re- 
filling mode). In both leaching modes, fragments of 
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TABLE I Chemical composition (wt %) of the investigated glass 
fibres (CM44) 

SiO 2 CaO A 1 2 0 3  BzO3 Na20 P205 MgO 

61 7 1 11 16 1 3 

fibres about 2 cm long were laid on a teflon grid within 
a teflon reactor. The weight of the fibres was 
30.0 _+ 0.1 mg and the volume of the solution was 
250 ml. The runs were performed from 1-28 days (one 
static experiment at 60 days). After each run, the fibres 
were removed from the solution, then rinsed with 
deionized water and dried at 37 ~ for 24 h in an oven 
before weighing. 

In static mode the reactors were placed in an oven 
regulated at 37 + 1 ~ The collected solutions were 
filtered with a 0.22 gm pore diameter filter then 
poured in tubes and stored in a freezer before their 
chemical analysis by atomic absorption spectrometry 
(AAS). 

In periodic refilling mode (without stirring and re- 
ferred to as R(x), or with stirring and referred to as 
RA(x), where x is the renewal frequency in days- 1) the 
reactors were immersed in a water bath regulated at 
37 _+ 1 ~ (Fig. 1). Each reactor was closed with 
a cover fitted with four apertures ensuring different 
operations, such as draining, filling and venting of the 
reactor and pH measurement. The preheated solution 
was delivered from a container by a peristaltic pump. 
During some runs, the solutions were stirred in the 
reactor with a magnetic stirrer. The device used was 
fitted with solenoid valves and time-switches to pro- 
vide setting capabilities in the frequency of the renewal 

of the solution. The cycle time was fixed to 20, 60, 160 
and 480 rain corresponding to the following frequen- 
cies of 72, 24, 9 and 3 cycles per day. 

The pH was measured after each run for the static 
mode and during the experiments for the second 
mode. Fibre diameter measurements and energy dis- 
persive spectroscopy (EDS) analysis were performed 
on polished sections of fibres included in epoxy resin, 
using scanning electron microscopy (SEM). The sur- 
face composition of the altered fibres was obtained by 
X-ray photoelectron spectroscopy (XPS) analysis. 

3. Results 
3.1. pH variation 
For the static mode experiments, a slight increase of 
the pH at 8.3 _+ 0.3 was observed, probably resulting 
from the transfer of "modifiers" from the glass to the 
solution. By contrast, in all the runs with periodic 
refilling of the reactor, the pH remained constant at 
7.6 + 0.2 because of the short duration of the cycles 
which limited ionic concentrations in the solution. 

3.2. SEM observations 
SEM observations performed on the polished sections 
of the altered fibres display an hydrated layer sur- 
rounding an unaltered circular core (Fig. 2a). With 
increasing time, the diameter of the circular core de- 
creases, the thickness of the hydrated layer increases 
and the bulk diameter (unaltered core + hydrated 
layer) of the fibres decreases. A similar variation of the 
diameters is observed, for the same run duration, at 
increasing renewal frequencies with periodic refilling 

TABLE II Composition (gl-1) (H2SO4 in gl) of the simulated extracellular solution; pH = 7.6 -- 0.2. To prevent the growth of algae or 
bacteria, 0.5 ml- 1 formaldehyde was added 

NaC1 NaHCO~ Na3-Cit-3H20 Glycine NH4C1 NaHzPO4 2H20 CaCI2 2HzO H 2 S O  4 

6.78 2.26 0.06 0.45 0.53 0.16 0.03 30 

G Q 

i!!ii!! !i!ili! 

Figure l Experimental device used for the leaching of the glass fibres with periodic refilling of the reactor. 1, supply container; 2, peristaltic 
pump; 3, water bath; 4, magnetic stirrer; 5, filling valve; 6, venting valve; 7, draining valve; 8, reactors with glass fibres; 9, immersed circulator; 
10, draining pump; 11, collection flask. 
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Figure 2 SEM backscattered electron images of the glass fibres, after various times of reaction and for different leaching modes, showing the 
unaltered core and the outer hydrated layer. (a) Static mode, t = 3 days; (b) stirred solution, renewed 24 times a day, t = 3 days; (c) stirred 
solution, renewed 72 times a day, t = 3 days; (d) stirred solution, renewed 24 times a day, t = 10 days. 

mode (Fig. 2b and c}. Finally, the unaltered circular 1.0 
core disappeared after 21 days in static conditions and 
7-14 days during the runs with periodic refilling of the 0.8 
reactor (Fig. 2d). On the other hand, we have to ~ 0.6 
underline that when using conditions of continuous 

0.4 
leaching, other behaviour may be observed with 
formation of hollow tubes [31]. o.2 

0.0 

3 .3 .  W e i g h t  l o s s e s  
The dissolution kinetics of CM44 glass fibres, as 
monitored by relative weight losses curves, are shown 
in Fig. 3. Firstly, we notice that the weight loss reaches 
a constant value of 90% for the static mode experi- 
ments (21, 28 and 60 days) whereas it reaches 100% for 
the runs with periodic renewal of the solution. More- 
over, Fig. 3 shows that, for the same leaching duration, 
the shorter is the cycle, the higher is the weight loss. 
We also notice that experiments with three renewals 
per day give similar results either with or without 
stirring of the solution. 

Table III  indicates for different durations of leach- 
ing: (i) the values of the weight losses, (ii) some values 
of the weight losses calculated from the chemical anal- 
ysis of the dissolved silica assuming a congruent dis- 
solution of the glass, and (iii) values deduced from the 
bulk radius of the fibres observed by SEM. The agree- 
ment between these results in good in spite of several 
discrepancies assigned to the composition and the 
density of the hydrated layer, which are different from 

. ..:::":~ ........ . .................... o ................................ o 

3 6 9 12 15 18 21 24 27 3'0 

Time ( d ) 

Figure 3 Relative weight loss, p, of the glass fibres versus time for 
different leaching modes. ST, static mode; R, periodic refilling mode; 
A, stirred solution; x in R(x) or RA(x) is the frequency of the refilling 
of the reactor in cycles per day. (O) ST, (A) R(3), (A) RA(3), ([2]) 
RA(9), ([~) RA(24), (11) RA(72). 

those of the glass, and a certain heterogeneity of the 
diameters of the fibres before and after disso!ution. 

3 .4 .  C h e m i c a l  c o m p o s i t i o n  o f  t h e  h y d r a t e d  
l a y e r  

The XPS analysis gives the surface composition of the 
outer part  of the hydrated layer (depth of analysis 
< 10 .8 m) whereas the EDS analysis gives the mean 

composition of the hydrated layer at higher depth 
(about 1 0 - 6 m  with respect to the accelerating volt- 
age). Both XPS and EDS analysis data indicate that 
the residual hydrated layer, which is essentially 
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TABLE III Comparison between the weight losses (%) after different duration of leaching: (a) determined by weighing, (b) calculated from 
dissolved silica and (c) deduced from the fibre radius observed by SEM, ST, static mode; R(3), renewed three times a day; RA(x), stirred 
solution, renewed x times a day 

Time ST R(3) RA(3) RA(9) RA(24) 
(days) 

(a) (b) (c) (a) (c) (a) (c) (a) (c) (a) (c) 

l 11.7 nd nd 17.7 19.0 23.7 ned 26.3 21.3 32.0 31.1 
2 nd a nd nd 30.0 nd 31.4 nd nd nd 50.3 59.5 
3 27.8 26.9 24.7 45.0 39.5 45.3 36.0 57.2 59.6 66.0 69.8 
5 46.7 nd nd 66.1 nd nd nd 72.0 69.5 81.7 82.4 
7 54.8 50.8 45.3 77.3 73.2 75.2 nd 84.0 nd nd nd 

14 .83.2 76.7 83.8 94.2 83.8 96.7 84.0 98.3 99.6 96.6 b 96.0 b 
21 90.0 90.0 84.0 99.8 96.0 99,8 nd nd nd nd nd 
28 90.1 90.0 84.0 nd nd nd nd nd nd nd nd 

"nd, not determined. 
bRnn at 10 days. 

TABLE IV Comparison between the Na/Si atomic ratios: (a) determined at the surface of the hydrated layer by XPS, (b) of the hydrated 
layer determined by EDS 

Time ST R(3) RA(3) RA(9) RA(24) RA(72) 
(days) 

(a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 

3 0.24 nd 0.22 0.17 0.20 nd 0.14 nd 0.21 0.06 0.13 0.04 
5 nd" nd nd nd nd nd 0.23 0.03 0.14 0.06 nd nd 
7 0.21 nd 0.22 0.05 0.22 0.06 nd 0.01 nd 0.02 b nd nd 

14 0.19 0.04 nd 0.28 0.16 0.37 nd 0.0l nd nd nd nd 
21 0.18 0.11 nd 0.19 nd 0.11 nd nd nd nd nd nd 
28 0.19 0.01 nd nd nd nd nd nd nd nd nd nd 

rid, not determined. 
bRun at 10 days. 

TABLE V Comparison between the A1/Si atomic ratios: (a) determined at the surface of the hydrated layer by XPS, (b) of the hydrated layer. 
ST, static mode; R(3), renewed three times a day; RA(x), stirred solution, renewed x times a day 

Time ST R(3) RA(3) RA(9) RA(24) RA(72) 
(days) 

(a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 

3 0.15 nd a 0.16 0.05 0.24 nd 0.19 nd 0.21 0.10 0.17 0.05 
5 nd nd nd nd nd nd 0.24 0.15 0.20 0.15 nd nd 
7 0.18 nd 0.22 0.12 b 0.23 0.11 b nd 0.15 nd 0.02 ~ nd nd 

14 0.17 0.20 nd 0.12 0.27 0.12 b nd 0.15 nd nd nd nd 
21 0.22 0.20 nd 0.23 nd 0.17 nd nd nd nd nd nd 
28 0.24 0.17 nd nd nd nd nd nd nd nd nd nd 

a nd, not determined. 
b Analysis in part of the fresh glass determined by EDS. 
c Run at 10 days. 

siliceous, is strongly enriched in aluminium. On the 
other hand, XPS analysis shows that sodium is present 
at the leached layer-solution interface while EDS 
gives a negligible sodium concentration. Tables IV 
and V indicate the composition of the hydrated layer 
as Na/Si and  A1/Si atomic ratios. Most samples ex- 
hibit an A1/Si atomic ratio of about 0.2 in contrast 
with 0.02 for the original glass. 

These data, resulting from investigations at different 
scales, strongly suggest that the A1/Si ratio is constant 
in the hydrated layer. Therefore, even if hydration 
variations exist from inside to outside, the composi- 
tion of the hydrated layer may be assumed to be 
homogeneous for SiO2 and A1203 contents. 
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4. Interpretations 
4.1. Dissolution progression 
The observed morphologies of the fibres leads to the 
dissolution sketch (Fig. 4), that was previously de- 
scribed by Scholze and Conradt [71, as long as a fibre 
glass core is present. 

In this study, we used the dimensionless parameters 
z l  = r l / ro  and 2 2 = r2"/ro to characterize the dissolu- 
tion progress of the altered glass fibres, where rl is the 
radius of the unaltered core, rz the bulk radius and ro 
the mean radius of the initial glass fibres (i.e. 
5 __ 0.5 gin). In a first approximation and taking into 
account the cylindrical shape of the fibres during their 
dissolution, we have (see Appendix 1) 



t = 0  0 < t < t f  t = t f  

Figure 4 Sketch of the effects of the dissolution for a glass fibre, ro, 
radius of the initial fibre; r 1, radius of the unaltered core; e, thickness 
of the outer hydrated Iayer; r2, bulk radius @2 = rl + e). At time 
t = if, the unaltered core of the glass fibre has completely disap- 
peared (Q = 0 and r2 = e). 

with 

Zl 
P1 

FO 

= (1  - [ 3 p ) 1 / 2  (1) 

mo - -  /'fit 
p - ( 2 )  

mo 

where p is the relative weight loss, mo the initial weight 
of the glass fibres (g), mt the weight of glass fibres at 
time t (g) and 13 a dimensionless parameter whose 
value can be determined from experiments under 
static conditions (see Appendix 2). 

The dissolution velocity of the glass at the unaltered 
core-hydrated layer interface, vl (grad-l) ,  is cal- 
culated from Equation 1 by 

dz1 (3) vl - ro dt 

The kinetic curves of the glass fibres dissolution are 
displayed as zl =f ( t )  in Fig. 5 for the static and 
periodic refilling modes with a fixed value of [3 at 1.11. 
In this representation, a straight line reflects a con- 
stant dissolution velocity; actually, the curves present 
a slight curvature indicating a slowing down of vl with 
time. Estimating the initial dissolution velocity, Vo, 
from the tangent to the experimental curves at t = 0, 
we find respectively for runs ST, R(3), RA(3), RA(9), 
RA(24) and RA(72), vo = 0.3, 0.5, 0.6, 0.7, 0.9 and 
0.9 prod -1, higher refilling frequencies leading to 
higher initial dissolution velocities with an asymptotic 
upper value. 

4.2. R e l a t i o n  b e t w e e n  t h e  h y d r a t e d  l a y e r  
t h i c k n e s s  a n d  t h e  d i s s o l u t i o n  p r o g r e s s  

On the one hand, aluminium concentrations in the 
solutions are below the detection limit by AAS with 
a graphite furnace (i.e. < 10 p.p.b.); on the other hand, 
the XPS and EDS analyses give a nearly constant 
A1/Si atomic ratio of 0.2 in the hydrated layer. These 
results strongly suggest that the thickness of this layer 
only depends on the aluminium amount available 
from the glass after leaching. Under these conditions, 
a mass-balance calculation leads to determination of 

0.8 i0,. 
k~,,, o....n 0.6 | ,  -~.,, 5... 

0.4 "ll - ', \ O . \ 
ek, ,'~\ ' "-o 

0.2 \ ' ~  g - . .  
"',.O. 

0 . 0  , "-,, O , 

0 10 20 30 

T ime  ( d ) 

Figure 5 Dissolution kinetics of the glass fibres either with or 
without refilling of the reactor. The parameter zl is calculated from 
the relative weight loss with Equation 1 (f3 = 1.11). (�9 ST, (A) R(3), 
(&)RA(3), (D) RA(9), (0) RA(24), (11) RA(72). 

the hydrated layer thickness, e, as a function of the 
dissolution progress, using assumptions of the water 
content and the density of the hydrated layer (see 
Appendix 1). 

With such a model the calculated relative thickness, 
zh = e/ro, is expressed as 

zh = [1 - 7(1 - z~)] '/2 - zl (4) 

with 

P 
~, = 1 - ~ - -  ( 5 )  

Ph 

where e is the thickness of the hydrated layer (pm), 
P the unaltered glass density (g pm- 3), Ph the hydrated 
layer density (g pm- 3) and ~ the formation coefficient 
of the hydrated layer, i.e. the mass of the hydrated 
layer (g) per gram of dissolved glass. 

The parameter ~ can be deduced from [3 (see Appen- 
dix 2) or calculated from the composition of the hy- 
drated layer. The latter is assumed to be essentially an 
hydrated gel of SiO; and A12Oa with a Si/A1 atomic 
ratio of 5. This compound may have, for one mole of 
A1203, a molecular formula such as [10 
SiOz-A1203-nHzOl with a molecular weight, M, of 
702 + 18n g. The value of n has been determined with 
an electrobalance by heating up to 500 ~ fully hy- 
drated glasses (after 28 days dissolution in static con- 
ditions). This experiment suggests 16-19 tool H20 per 
mol A1203, which implies M = 990-1044 g. 

Taking into account the concentration in alumina 
(ca = 1%) of the anhydrous glass and the molecular 
weight of alumina (M, = 102 g), we find 

M 
O~ = c a m  a (6) 

The value of the parameter ~ calculated in this way 
(ct = 0.097-0.102) is in excellent agreement with that 
deduced from [3 and the weight losses of the static 
mode experiments (~ = 0.10). 

To determine the parameter 7, Equation 4 was 
fitted by a non-linear least squares method, to the 
thickness of the outer hydrated layer, e, and the rela- 
tive radius of the unaltered core, zl, both determined 
from SEM observations on polished sections of fibres. 
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Figure 6 Thickness of the outer hydrated layer versus the relative 
radius of the unaltered core observed with SEM. The curve is fitted 
to the SEM data with Equation 4 by the non-linear least squares 
method. (O) ST, (A) R(3), (&) RA(3), ([7]) RA(9), ([~) RA(24), (,) 
RA(72). 

This calculation gives a value of 0.875 for the para- 
meter y. The fitted curve e = f ( z l )  is shown in 
Fig. 6 with, in addition, the experimental plots. 

The mathematical  model fits well with the experi- 
mental data which are scattered close to the calculated 
curve whatever the experimental conditions. This 
good agreement strongly supports the validity of our 
previous assumptions about  the composition of the 
hydrated layer. 

When zl = 0, i.e. when the glass core has completely 
vanished, at time tf the calculated thickness of the 
outer hydrated layer from Equation 4 (see Appendix 2) 
is e = 1.8 gm in good agreement, taking into account 
the difficulties to obtain a good sample at this step of 
reaction, with SEM data for static runs 
(e = 2.0 _+ 0.2pm). In addition, a smaller value, 
e = 1.0 pm, measured for one experiment in periodic 
refilling mode when t > tf, is reported as an example 
in Fig. 6. 

4.3. Modelling 
To model the dissolution of the glass fibre core, we 
have to account for two major results described 
earlier. Firstly the decreasing of the dissolution velo- 
city with time and secondly the correlation between 
the initial dissolution velocity and the frequency of the 
renewal with a fresh solution. 

Three factors may result in a slackening of the 
dissolution velocity: (i) the accumulation of the dis- 
solved ions in the bulk of the solution controlling the 
rate of a surface reaction, (ii) a significant dispersion 
of the fibres diameters, and (iii) a diffusion-controlled 
mobility of the leached ions through the outer layer. 
The first explanation is classically invoked but a sim- 
ilar decreasing is also observed when the reactor is 
periodically refilled by the fresh solution. The distribu- 
tion of fibre diameters leads to a slight variation with 
respect to a straight line when Zl is small, but we think 
that the major part  of the curvature is due to retarda- 
tion by diffusion of the dissolved species through the 
outer layer. Thus, we propose a linear decreasing of 
the dissolution velocity in relation to the relative 
radius zl, which is a geometric variable, rather than 
time 

m = y o u  (7) 
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with u = 1 - k(1 - zl) and du = kdzl, where vo is the 
initial dissolution velocity (t = 0) (gm d t) and k a di- 
mensionless parameter. Combining Equations 3 and 7 

r0 du 
you . . . . .  (8) 

k dt 

The integration of the differential Equation 8 gives 

zl = 1 - ~  1 - e x p  - (9) 
1"o / J  

Equation 9 describes the variation of zl versus time 
only for static experiments. When the solution is peri- 
odically renewed at different frequencies, we have to 
consider a second component  of the dissolution velo- 
city, vc, to explain the curves obtained in these condi- 
tions. We assume that vc, on the one hand, depends on 
the thickness of the outer layer through u and, on the 
other hand, is rapidly decreasing with time. These 
assumptions lead to the expression 

vc = viuexp( -- ko0) (10) 

where vi is the initial velocity for the first renewal 
(pm d-1), ko a constant (d-1) and O the time (d) since 
the last refilling. 

Thus, for a renewal cycle, the differential equation 
describing the dissolution velocity is expressed as 

r o du 
YoU q- v i u e x p ( -  kc0 ) -- (11) 

k dO 

The integration of Equation 11 gives 

Zl = 1 - ~ 1 - - K e x p  - ro 

1} + k~oexp (  - kr (12) 

where K is a constant which may be determined at 
each step by continuity of the geometric variable za for 
0 = 0 .  

The two parameters v0 and k were calculated by 
fitting Equation 9 to the values of z~, obtained for 
static experiments, with non-linear least squares 
method. Eventually, Fig. 7 shows that the theoretical 

II 0.5 

0.0 
0 1.0 20 

Time ( d ) 

Figure 7 Modelling of the dissolution kinetics. The curve related to 
static experiments is fitted to the experimental data with Equation 
9 by the non-linear least squares method. The curves related to the 
periodic refilling mode were graphically fitted to the experimental 
data with Equation 12. (�9 ST, (A) R(3), (&) RA(3), ([]), RA(9), ([]) 
RA(24), (II)RA(72). 



model fits well to the data. The calculation indicates 
that the initial dissolution velocity, v0 = 0.34 gm d-1 
is approximatively halved (k = 0.49) when zl is near 
zero. The other two parameters, vo and k~, were 
graphically estimated from the data of the periodic 
refilling mode and Equation 12. The curves calculated 
with vc = 0.7 gmd -1 and ko = 15 d -1 were plotted in 
Fig. 7 for the renewal frequencies of 3, 9, 24 and 72 
cycles d 1 (i.e. 0m,x = 8 h, 2 h 40 rain, 1 h, and 20 rain). 
The fit between the theoretical model and all the data, 
whatever the leaching conditions, is good. This agree- 
ment supports our assumptions of the accelerating 
effect at each renewal with a fresh solution. Further- 
more, our model is compatible with a limit for the 
dissolution velocity (v = v0 + v~) at an "infinite" re- 
newal frequency as suggested by runs at 72 cycles d -  1. 

4.4. Dissolution mechanism 
After a short induction period, the glass-solution reac- 
tion involves a selective dissolution of the glass modi- 
fiers, sodium, calcium and magnesium. Boron is also 
easily dissolved, breaking down the network of the 
glass. Finally, all the components of the glass are 
leached except aluminium and a part of silicon. These 
two elements accumulate within the outer hydrated 
layer in the A1/Si atomic ratio of 0.2. The leached 
species diffuse through the outer gel of SiO2 and 
A1203 to the saline solution. The increase of the thick- 
ness of the hydrated layer with time results in a slight 
decrease of the dissolution velocity at the unaltered 
glass-hydrated layer interface. 

Under static conditions the dissolution of the glass 
proceeds up to the complete dissolution of the fibre 
material. At this state (t = t 0, the bulk dissolution is 
apparently stopped (p = 90% at 21, 28 and 60 d). 

For all the runs with periodic refilling of the reactor, 
two essential differences occur: (i) the dissolution ve- 
locity is greater for the first runs, (ii) the glass fibres 
are finally entirely dissolved, including the outer hy- 
drated layer. 

A possible explanation is that, at each supply with 
the fresh solution, the concentration of the solution in 
silicon and aluminium at the outer layer-solution 
interface drastically drops. As a result of these low 
concentrations there is a limited solubilization of the 
hydrated layer and mostly an acceleration of the reac- 
tion rate at the unaltered glass-hydrated layer, inter- 
face. 

Additional experiments (in progress), with variable 
silica contents in the bulk solution, suggest a rapid 
transfer of SiO2 by diffusion through the outer layer. 
Accordingly this process is not rate-limiting. An alter- 
native explanation is, at each supply of fresh solution, 
an increase of the concentration of a species involved 
in the hydration process (e.g. the hydronium species) 
and its rapid diffusion to the hydrated front. 

Whatever the exact mechanism, after the complete 
dissolution of the fibre material (t > tf), the aluminium 
liberated during the dissolution of a part of the hy- 
drated layer, at each renewal with the fresh solution, 
remains in the saline solution because the source of 
silica at the unaltered glass-hydrated layer interface 

no longer exists. The hydrated silico-aluminous resi- 
due is then in part dissolved at each renewal until 
complete dissolution. 

Our explanation supposes a mobility of all the com- 
ponents of the hydrated layer which is compatible 
with the fact that the boundaries of the layer are 
moving. On the other hand, it seems that the limiting 
factor for the glass dissolution is really the solubility of 
the silico-aluminous gel. In vivo, the concentrations in 
silicon and aluminium of the leaching solution are 
probably negligible; this is propicious to the clearance 
of the fibres. 

5. Conclusions 
1. The selective dissolution of glass fibres in 

a physiological saline solution leads to the formation 
of an outer hydrated layer easily characterized by 
SEM-EDS and XPS. It occurs under non-steady-state 
conditions and the total transformation of the fresh 
core is finally observed. As far as this selective dissolu- 
tion proceeds, there is simultaneously a decrease of the 
diameter of the bulk fibre and an increase of the 
thickness of the leached layer. 

2. Using thermogravimetric analysis, SEM-EDS 
and XPS, the composition of the hydrated layer may 
be supposed to be homogeneous. An approximate 
composition is as follows: 10 SIO2"A1203"16-19 
H20. The lack of detectable aluminium in leaching 
solutions, combined to the constant composition of 
the layer, implies a direct proportionality between the 
mass of the hydrated layer formed and the mass of 
silica released at the unaltered core-outer layer inter- 
face. A theoretical relation (Equation 4) between zl, 
the relative radius of the unaltered core and the thick- 
ness, e, of the hydrated layer may be established. 

The good agreement with experimental data (Fig. 6) 
pleads for the validity of the different assumptions 
supporting Equation 4. 

3. Dissolution kinetics has been investigated either 
without or with periodic refilling of the reactor at 
variable frequencies (3, 9, 24 and 72 cycles d-1). Dis- 
solution rates are directly correlated to the frequency 
of refilling, the higher ones corresponding to the high- 
er dissolution rates. An extrapolation to the "infinite 
refilling frequency" is possible (Fig. 5). 

4. Bulk dissolution of the fibres results both from 
the selective dissolution of the fibre material asso- 
ciated to the formation of the leached layer (and pos- 
sibly its dissolution). This layer may be vizualized as 
a gel-like product sticking on to the glass core. The 
diameter reduction of the unaltered glass core neces- 
sarily leads to re-organizations within the alumino- 
silica gel. Accordingly, selective dissolution appears to 
be the dominant process as long as fresh glass is still 
present. 

A possible explanation of the relation between fre- 
quencies of refilling and dissolution rates is as follows. 
The accumulation of silica in the solution near the 
fibres is supposed to slow down the diffusion of dis- 
solved SiO2 through the porosity of the gel layer. The 
rapid drop related to solution renewal results in 
a steeper silica gradient and hence an acceleration of 
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the selective dissolution. Alternatively, one may in- 
voke the rapid diffusion of a reactive species (e.g. 
H 3 0  +) periodicall.y supplied at each refilling to the 
hydration front. By contrast, when the fresh glass has 
disappeared, the silica source is exhausted and con- 
gruent dissolution of the gel may proceed at a more 
significant rate. 
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Appendix 1. Relations between the mass 
loss and the geometrical 
coordinates of the 
leached fibre 

Considering a unique fibre glass at time t -  0, the 
initial volume, Vo, and mass too, are: 

Vo = r~r21 (A1) 

mo = 9Vo (A2) 

where r 0 is the mean initial radius (gm), 9 the density 
of the glass (g gm a) and 1 the length of the fibre (gm). 

At time t, we assume that the unaltered core of 
radius, r,, is surrounded by an outer layer of thickness, 
e, as shown schematically in Fig. 4. The bulk radius, r2, 
is 

r 2 = r 1 -t- e 

The volume of the unaltered core, Vb is 

V1 = ~zrZll = z~Vo  (A3) 

with zl = r l /ro.  

The volume of the outer layer, Vh, is 

Vh = rcr21 - ~r21 

= (z 2 - z~) Vo (A4) 

with z2 = r2/ro. 

The corresponding masses, m~ and mh, are 

m 1 = o V  1 = moZ~ (A5) 

mh = 9hVh = m0Ph(z 2 _ z ~ )  (A6) 
9 

where Ph is the density of the hydrated outer layer 
(g ~tm- 3). 

At time t, the relative weight loss, p, is calculated 
from the difference between the initial weight and the 
weight at time t, divided by the initial value 

m 0 - -  ( m  1 q- m h )  p = 
m o  

p = 1 -- z 2 -- 9h(z2 -- z 2) (A7) 
9 
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On the other hand, the mass of the hydrated outer 
layer can be calculated from the quantity of the alumi- 
nium liberated during the dissolution of the glass if we 
neglect the aluminium in solution. Under these condi- 
tions, the mass of the layer is proportional  to the 
difference between the initial mass and the mass of the 
unaltered core 

mh = 0t(mo -- ml) (A8) 

where a is a dimensionless constant which represents 
the mass of the hydrated layer per gram of dissolved 
glass. 

F rom Equations 18, 15 and A2 we have 

Vh = :*~9(1 - Zl 2) vo (19)  
Oh 

Combining Equations A4 and A9 gives 

ct--9(1 - z 2) = z 2 - z 2 (A10) 

Combining Equations 17 and A10 leads to an ex- 
pression for the weight loss only depending on z, 

p = (1 - 00(1 - z~) (All)  

Conversely, the relative radius of the unaltered core 
z, is related to the weight loss p by 

Z 1 = (1 - [ 3 p ) 1 / 2  (A12) 

with [3 = 1/(1 - a). The relative bulk radius z2 is ex- 
pressed as zl from Equation A10 by 

z2 = [1 - y(1 - z 2 ) ]  1 / 2  (A13) 

with 

T = ( 1 - ~  p )  (A14) 

Finally, the relative thickness (Zh = e/ro) of the outer 
hydrated layer can be only expressed as zl by 

Z h ~ Z 2 - -  Z 1 

= [ 1  - ~ ( 1  - z ~ ) l  ~/2 - z 1  

(A15) 

Appendix 2. Determination of the value of 
the parameters ~, II, y and Ph 

At time t = tf, when the unaltered core completely 
disappeared we have zl = 0 and z2 = Zh. The para- 
meter [3 can be estimated from the plateau value 
(p = 0.9) obtained in static mode experiments for 
t _> tf and Equation A12 

1 
[ 3 -  - 1.11 (A16) 

P 

r can be simply deduced from [3 

1 
= 1 - -  

[3 

= 0.1 (A17) 



The parameter  y is calculated by fitting Equation 
A15 (zh = f ( z l ) )  to the SEM data for t _< tf. We find 
v = 0.875. 

Finally 9h is deduced from 7 by 

ap 
9h - (A18) 

1 - -  7 

with 9 = 2 . 5 •  -3 we find 9h = 2.0• 
1012 g/am -3. 
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