
THE DISSOLUTION RATE OF SILICATE GLASSES AND MINERALS:
AN ALTERNATIVE MODEL BASED ON SEVERAL ACTIVATED COMPLEXES

Gilles BERGER

Universit6i Paul Sabatier - CNRS, UMR 5563, 38 rue dles 36 Ponts, Toulouse, France1111011110111111111111111 1.. 1 ..... .. 1. Ol 
FRO20320 1

Most of the mineral reactions in natural water-rock systems progress at conditions close
to the chemical equilibrium. The kinetics of these reactions, in particular the dissolution
rate of the primary minerals, is a major constrain for the numerical modelling of
diagenetic and hydrothermal processes.

In the case of silicates, recent experimental studies have pointed out the necessity to
better understand the elementary reactions which control the dissolution process. Far
from equilibrium, it has been established that the bulk rate is related to the surface
charge of the mineral (see Walther, 1 996, and references herein). This suggests a
competitive effect of Si and A detachment, depending of the specific charge of the
relevent surface sites. When the reaction approaches the chemical equilibrium, the
dependence of dissolution rate on the chemical affinity can be derived within the
framework of the Transition State Theory (TST; asaga, 1981 and references therein)
which assumes that the dissolution rate is controlled by the desorption kinetics of an
"lactivated complex" that forms at the suface. However, the application of this concept
from homogeneous to heterogeneous kinetics requires that the elementary molecular
reactions which control the overall rate are clearly identified. If a single reaction step is
rate limiting, then the Gibbs free energy and the rate of the global reaction can be
expressed as a function of that of the controlling reaction. n the case of simple oxides,
where the rupture of the metal-oxygen bound is assumed to be the sole reaction
controlling the overall rate anid where the activated complex is assumed to be the same
for dissolution and precipitation, the rate-affinity relation takes a simple'form (first order
law) by applying a detailed balancing between the forward and reverse reactions:

r =k ( 1 - (Q/K) (1)

where r denotes the overall dissolution rate (mole/surface/time), k is the rate constant
for dissolution at a given temperature and pH, Q/K is the degree of saturation of the
solution with respect to the dissolving phase. At a given pH and temperature, Eq.(1)
predicts a linear relation between the rate/k,. ratio and the saturation index of the solid.
This simple relation has been established for example for quartz dissolution in pure
water (Rimstidt and Barnes, 1 980; Berger et al., 1 994a). Note that even in this simple
case, E.(1) is not verified far from equilibrium in presence of electrolytes.

In the case of aluminosilicate minerals, such a simple relation does not describe
accurately the dependence of rate on the chemical affinity of reaction (Nagy et al.,
1 991: for kaolinite at low pH; Burch et al., 1 993: for albite; Oelkers et al., 1 994: for
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albite at high pH and kaolinite at low pH; Berger, 1 995: for sanidine at neutral pH;
Gautier et al., 1995, Alekseyev et al., 1997: for alkali feldspar at high pH). This is
mainly because the composition of the assumed activated complex differs from the bulk
composition of the dissolving mineral. For glasses, although an equilibrium constant
cannot be defiened, a dependence of the dissolution rate on the solution composition is
also observed. Several models were proposed to account for the observed dissolution
rate/chemical, affinity relationships.

Glasses: For the R7T7 french nuclear glass in basic solution, Grambow (1 985) assumed
that the only kinetically limiting reaction is hydrolysis of the silica in the glass, according
a first-order law:

r glass ` r 0 (H+-0 .39 [ - a Si/a *1(2)

where a Si et a * are the silicon activity at the rection interface and in solution at saturation.

On the other hkand, Berger et al. (1 994b) assumed the existence of several parrallel
elementary reactions to account for the kinetic effect of aqueous silica or aluminum
(depending on pH) on the basalt glass dissolution. This approach considers several
independent activated complexes at the surface, each corresponding to the hydrolysis of
one former oxide, and the most reactive controlling the overall rate. It ignores the
solubility of the bulk solid and assumes that the former oxides react as individual entities.
Thus, for each of them, a rate constant and a "solubility" term can be defined.The glass
dissolution rate law takes the! following form:

rgls I. k,(i) (1 - Q/K)i (3)

where k and Q/K are the rate constant and the saturation index of the hydrolysis
reaction of the (i) former oxide. Note that because of the formation of secondary phases,
the term (1 - Q/K ) does not reach zero for all the former oxide and the glass dissolves
continuously.

More recently, Daux et al. (in press) proposed an overall kinetic equation for basaltic
glass dissolution in slightly basic solution by taking into account an aluminosilicate
activated complex:

r glass r (H 1 0 3 [1 - (H4SiO4).(AI(OH)4 )0.36(OH T 0.36)/ 1 (4)

where K is the equilibrium constant of the activated complex.

Feldspars: Oelkers et al. (1 994) and Gautier et al. (1 995) observed an inhibitor effect
of dissolved aluminum on the dissolution rate of kaolinite and albite in acidic or alkaline
solutions. They assumed that the reaction rate is controlled by rich silica, aluminum
deficient precursor complexes on the mineral surface, and proposed the following rate
law for the alkaline feldspars dissolution:

r = k [(K'0 + (a AI(OH),4 . aH H)]) . [1 (K) 113 1 (5)
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where a H+ and a Ai(oH),4 are activities of H+ and AI(OH)4 - in solution and k and KO are
constants.

However, this relation does niot fit the experimental data of Alekseyev et al. (1 997) on
the dissolution rate of sanidine and albite at 300'C and pH 9. These authors proposed
an empiric rate law derived from Eq.(1), where p and q are constants depending on the
mineral:

= k S [1 -Q/K)p~q (6)

For sanidine at near neutral pH, Berger (1 995) found that the dissolution rate decreases
as the aqueous silica concentration increases, without correlation with the dissolved
alumninum. However, when the solution approaches the saturation with respect to quartz
(65%), the rate becomes dependent on the aqueous aluminum concentration. These
results were interpreted as an alternance in the controlling reaction through a multi-
activated-complex model: far from equilibrium, the hydrolysis of the Si-O bounds is fast
and controls the bulk rate; in silica rich solutions, this reaction is slow and the bulk rate
is dependent on the A1-O breakdown reaction.

Clays : Most recently, Bauer et al. (submitted) interpreted their experimental results on
kaolinite and smectite dissolution in high KOH solutions by considering a competitive
reactivity of the Si-rich tetrahedral and Al-rich octahedral layers. In kaolinite the
dissolution of the two kinds of layer are parrallel reactions, so the bulk rate is controlled
by the faster: the Al-rich layer hydrolysis under these conditions. In smectites, because of
the low accessibility of water to the octahedral layer, the bulk dissolution corresponds to
a serial reaction and is contrc'lled by the slower step: the Si-rich layer hydrolysis.

These examples illustrate the complexity of the dissolution of aluminosilicates and the
diversity of the numerical approaches. The aim of this presentation is to show that the
multiple-activated complex approache accounts for the most of the experimental results.
This approach is based on several assumptions:

- a group of several atoms at the mineral or glass surface does not react as a single
entity,

- the former oxides are the only component present at the surface (leached layer),
- each kind of oxygen-metal bounds reacts according to a specific hydrolysis

reaction,
- each specific hydrolysis reaction is a serie of elementary reactions and can be

restricted to the slower step: the detachment of the activated complex,
- the TST can be applied to each specific hydrolysis reaction by defining an

apparent rate constant and solubility product,
- the different specific hydrolysis reactions are parrallel reactions, so the bulk rate

corresponds to the rate of the faster one.

These assumptions help to understand the alternance of the controllong reaction with pH
and fluid composition and can be illustrated from literature data.
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Near neutral pH: Far fronm equilibrium, Fig. 1 shows a dependence of the basalt glass
and sanidine dissolution rte on the aqueous silica concentration. This dependence is
interpreted as a chemical affinity effect on the Si-O bounds hydrolysis. Further, the rate
constants of numerous silicate minerals and glasses show a strong similitude between the
minerals on one hand, and between the glasses on the other hand. This suggests
comparable Si-O bound energies within each group of material. In neutral solutions
enriched in silica Fig.2 shows now, in the case of sanidine, a rate dependence on the
aluminum concentration when the hydrolysis of the Si-O bounds is inhibited.
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Figure : Dissolution rate decrease of basalt glass and sanidine with the aqueous silica concentratian at near
neutral pH and 1 00 t 3000 C
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Figure 2: Dissolution rate decrease of sanidine with the aqueous aluminium concentration in neutral solutions
equilibrated with quartz (Berger, unpublished data)
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Acid and basic media: Published rate data on alkali feldspars and kaolinite dissolution
in acid or basic media show a nearly linear dependence on the aqueous aluminum
concentration. These relations can be interpreted as a chemical affinity effect on the Al-
0 bounds hydrolysis according Eq.(1), and are illustrated in Fig.3. In the case of abite

Figure 3: Examples of dependence of 3E 12 
aluminosilicate dissolution rate on K-feldspar 1500 C pH 9
aqueous aluminum concentration in
acid or basic media. The horizontal Gautieret al. (1995)
lines represent the rate when the AI-O 2E-12
bounds are inhibited (hydrolysi's of the
Si-Q bounds).
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and K-feldspar at 1 500C and pH 9, the rates measured in solution enriched in aluminum
are not reported. They exhibit a shift in the x-axis which corresponds to the initial A
concentration. Given the high pH of the solution, it is likely that aluminum was
polymerized at room temperature, and that it did not dissolve during the residence time
of the solution into the reactor. As for neutral media, an alternance of the controlling
reaction is suspected when the solution composition change: when the AI-O bounds are
inhibited the rate likely reflects the hydrolysis of the Si-0 bounds.

The observed rate/concentration relations supports the assumption that the breakdown
of the Si-0 and AI-O bounds can be viewed as parrallel and competiting elementary
reactions, and that the bulk rate corresponds to the faster ones. However, this model
raises the question of the equilibrium state. It predicts that the dissolution of the network
stops when all the former oxides are saturated, whatever is the saturation state of the
bulk solid (the modyfier oxides are not considered here). But does really exist a full and
reversible equilibrium between an aqueous solution and a complex silicate glass or
mineral? New reut on sanidine and glass dissolution at "saturation" conditions suggest
that a chemically and structurally modifyed layer (equivalent to the hydrated glass
modelled by Daux) developips at the surface and prevents the dissolution of the fresh
solid. So the steady state composition of the solution observed in closed system reflects
more likely an equilibrium with this layer rather than the bulk solid. Further, the lack of
detailed investigations on the precipitation rate of aluminosilicates such as feldspar near
equilibrium does not allow to definitely conclude on this problem.
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