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일반적으로 석영은 지각을 구성하는 광물 가운데 가장 많은 부분을 차지하고 있으며, 이러한 석영의 용해와 침전에 대

한 이해는 암석의 풍화 매커니즘과 열수작용 및 변성환경에서의 암석과 물의 관계를 규명하는데 매우 중요한 역할을 한

다. 본 논문에서는 석영의 용해와 침전에 영향을 미치는 다양한 물리화학적 환경을 수식을 이용해 재정리하였으며, 이전

의 연구자들이 발표한 연구결과를 바탕으로 물리화학적 조건하에서의 석영 용해에 대해 이론적 접근을 실시하였다. 본

논문을 통해서 석영의 용해 및 침전이 다양한 환경에 영향을 받으며, 특히 이론적 접근을 통해서 석영에 작용된 압력보

다는 주변의 pH 및 온도 조건에 더 큰 영향을 받는다는 것을 확인하였다.

주요어 :석영용해, 침전, Langmuir Freundlich 흡착등온식, Arrhenius 인자, 활동부피

Quartz is the most abundant mineral in the Earth’s continental crust. Therefore, understanding of quartz dissolution and

precipitation is very important to know about weathering processes and interactions between rocks and water in hydro-

thermal and metamorphic environments. This paper presents a basic review on the research about quartz dissolution

mechanism under various physico-chemical conditions. We rearranged the relationship between each physico-chemical

factor and dissolution mechanism from the results of previous researchers in this paper. From this result, we understood

that quartz dissolution and precipitation are affected by each factor such as temperature, pH, and applied stress conditions

at contact point. In particular, we recognized that the high pH and temperature conditions have different anion con-

centrations on mineral’s surface. As a result, high pH and temperature conditions have a better effect than applied stress

condition to the quartz dissolution mechanism.

Key words : quartz dissolution, precipitation, Langmuir and Freundlich isotherm, Arrhenius parameters, activation

volume

1. Introduction

Many researchers have studied the fact that rocks

are deformed by the dissolution and precipitation

of minerals. In particular, since quartz occupies the

largest portion of the minerals that make up the

crust, the dissolution of quartz plays a major role

in the deformation of rocks. The dissolution



510 Junghae Choi

mechanism of quartz under general physicochemical

conditions is suggested by many researchers.

However, since this mechanism has developed the

model by separating the respective conditions, it is

difficult to explain in the situation where the same

phenomenon occurs for all the factors. Brady and

Wather (1990) presented a model for the dissolution

rate and the precipitation rate of quartz in aqueous

solution, and Knauss and Wolery (1988) proposed

a model for weathering progression by interaction

of rock and water in hydrothermal and metamorphic

environments.

In general, the rate quartz dissolves and precipitates

depends on the chemical composition of the aqueous

solution (Ganor and Lasaga, 1998), temperature

and applied stress at contact point (Renard et al.,

1997). Dissolution and precipitation occur at the

mineral-solution interface and are affected by

interactions between the mineral and aqueous

solution. Therefore, the adsorption to a mineral

surface must be included in any kinetic model for

water and rock interactions (Ganor and Lasaga,

1998). Finally, understanding the dissolution and

precipitation mechanism for quartz requires dis-

cussing not only the mechanical effects but also

chemical ones.

2. Quartz Dissolution Mechanisms

Chemical reactions occur when reactant molecules

collide with sufficient energy to rearrange into a

more stable configuration. Two mathematical models

for chemical reaction rates, the collision and

activated complex or transition state models, have

been developed. The transition state model views

the transition from reactants to products as a

continuum with the reactant molecules converting

to products via a path on the “energy landscape’’.

For a generic elementary reaction between A and

B, the reaction is A+B→AB*→P (Fig. 1). AB* are

any activated complexes (Benjamin, 2002). In

general, AB* is very short range therefore it is

difficult to observe directly.

The dissolution of quartz in water can be

represented by (Lasaga, 1998):

 

(1)

The overall process can be represented by:

(2)

where Ki and K‡ are the thermodynamic equilibrium

constants, and ki and k‡ is the rate coefficient for

the ‘forward’ formation.

Under normal pH conditions, water may adsorb

to a silica surface and react with the Si-O-Si bonds

on or near the surface (Lasaga, 1998). The breaking

mechanism for the Si-O bonds in the surface

siloxane groups involves H2O or OH- attacking the

siloxane bridging bonds (Xiao and Lasaga, 1996).

At a high pH, silica dissolves as H4SiO4 and behaves

as a weak acid. These molecules are suspended

between complexed water molecules. Above pH 9,

silica dissolves according to the following equation

(Lasaga, 1998) :

(3)

The predominant species in solution is no longer

Fig. 1. Potential energy along an one-dimentional reatction

coordinates for an elementary reaction. E0 is the difference

in zero-point energies between the reactants and activated

complex, AB
‡; ΔE0 is the energy difference between the

reactants and products. E
a

E0 is the activation energy of

the elementary process(Stumm and Morgan, 1996).

  ≅
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H4SiO4 but its deprotonated variant. At higher pH

values, deprotonation follows a cascaded sequence

(Broekmans, 1999):

pH > 10 (4)

, pH > 11 (5)

, pH > 12 (6)

The sequence from Eqs. (4) ~ (6) actually

represents a cascade of reactions that occur when

pure silica dissolves in pure water with a pH>12.

Ideally, the desorption of a molecule from the

surface is independent of the surface coverage, and

the surface chemisorption can be represented by a

simple Langmuir adsorption isotherm:

(7)

where b is the adsorption coefficient, which is

exponentially related to the absolute value of the

adsorption energy, E, as follows:

(8)

The linear form of Eq. (7) is used:

(9)

where n is the specific amount of gas adsorbed at

the equilibrium pressure, P, and nm is the monolayer

capacity. Thus, θ can be represented by .

Numerous empirical equations have been pre-

viously suggested by researchers to explain the

physisorption isotherms for microporous adsorbents.

The best known equation was proposed by

Freundlich in the following form:

(10)

where k and m are constant (m>1). Because the

Freundlich isotherm does not limit the value of n

as p→∞, its agreement at high pressures and low

temperatures is usually poor (Rouquerol et al.,

1999). Improving the fit at higher pressures is

possible by combining the Freundlich and Langmuir

equations (Sips, 1948):

, (11)

where nl is the limiting adsorption capacity.

The ion concentration chemisorbed to the surface

(Xi,ads) can be represented using a simple Langmuir

adsorption isotherm:

(12)

and combining the Langmuir and Freundlich

isotherm equations:

(13)

where Fi is the maximum surface coverage for i, bi
is a constant related to the adsorption energy, and

Ci is the equilibrium concentration for i and

replaces p/po in the solution (Ganor and Lasaga,

1998).

For a first order reaction, the dissolution rate for

Eq. (2) can be represented by

(14)

where k (s-1) is a rate constant dependent upon

environmental conditions such as temperature, stress

and pH that can be calculated as k = K‡k‡, Xads is the

surface concentration at the site, and ρr (mol · cm-2)

is the reactive site density on the mineral surface

(Ganor and Lasaga, 1998). The rate constant (k)

for an elementary process can be expressed using

both the number of molecular partition functions

per unit volume (qi) for a reactant species and the

activated complex (q*) and the difference in zero-

point potential energies between the activated

complex and reactants (E0):

(15)

where kB is Boltzmann’s constant, h is Planck’s

constant, and E0 is the activation energy for an

elementary process as shown in Fig. 1. However,

the activated complex theory must differ by using

a thermodynamic formulation because evaluating

the total partition functions based on fundamental

properties is too difficult for complicated solvated

species. Therefore, the reaction rate becomes:

n
nm

-----
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(16)

where the γ*s are the activity coefficients relating

to the activities and concentrations (functions of

the ionic strength).

The elementary rate (k) is thus:

(17)

where ΔG is a standard free energy so that

ΔG=ΔH-TΔS (Stumm and Morgan, 1996).

Therefore, the rate Eq. (14) can be rewritten

using the Langmuir and Freundlich isotherm as:

(18)

2.1. Temperature Effect

At great depths, the temperature and stress is

high relative to the surface conditions. Therefore,

diffusion is the limiting step especially at high

temperatures, where the solid/fluid reaction kinetics

are high (Renard et al., 1997).

The rate constant depends on the specific chemical

reaction including the chemical conditions and

temperature for the system. Berger et al. (1994)

reported a profound change in the cation surface

interactions upon increasing the temperature from

25 to 150oC during sodium sorption experiments.

Sodium only weakly interacts with the surface at

low temperatures; however, it undergoes specific

adsorption at higher temperatures (Berger et al.,

1994). Seasonal temperature changes can greatly

effect the reaction rates for many natural and

engineered aquatic systems. The earliest successful

attempt at describing the temperature dependence

for reaction rate constants was made by Arrhenius,

who derived the following relationship:

(19)

where A and Ea are referred to as the Arrhenius

parameters. The logarithmic form of Eq. (19)

follows:

(20)

Eq. (20) indicates the plot of ln k versus 1/T

should be a straight line with a slope of -Ea/R and

intercept of ln ka as shown in Fig. 2.

According to Eq. (19), the equilibrium constant

for such a reaction can be written as follows:

,

(21)

,

(22)

Eq. (22) predicts how the equilibrium constant

changes as a function of the temperature (Benjamin,

2002).Fig. 2. Arrehnius plot.

Table 1. Temperature functions of the rate constants for silica-water reactions (Rimstidt and Barnes, 1980)

a b c Ea (KJ/mol)

Quartz 1.174 2.028E-03 -4158 67.4-76.6

α-Cristobalite -0.739 0 -3586 68.7

β-Cristobalite -0936 0 -3392 65.0

Amorphous silica -0.369 -7.890E-04 -3438 60.9-64.9
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The Gibbs free energy of activation, ΔG, was

estimated from K as follows:

(23)

Equation (17) can thus be rewritten as follows:

 (24)

For an elementary reaction, we can calculate the

Arrhenius parameters by comparing Eq. (24) to the

Arrhenius equation (Eq. (19) with γA = γB = γ* = 1):

, (25)

Substituting Eq. (25) into Eq. (19) allows the

rate equation (k) to be written as (Stumm and

Morgan, 1996):

(26)

Rimstidt and Barnes (1980) studied the silica-

water reaction kinetics from 0-300oC. The dissolution

rate was expressed as log k+ = a + bT + c/T, and

calculated corresponding activation energy is shown

in Table 1. The activation energy for the reaction (k+)

was between 60 and 77KJ/mol. These high values

indicate the reaction rates were limited by the

breaking of the strong Si-O bonds (Rimstidt and

Barnes, 1980), and the adsorbate is linked to the

solid phase via a chemical rather than physical bond

as assumed in the kinetic model (Schwartzentruber

et al., 1987).

At high temperatures, the relationship between

the dissolved silica concentration and temperature

were reported by Fournier and Potter (1982) (Fig. 3).

They suggested the following empirical equation

using the experimental results:

(27)

where A, B, and C are functions of the temperature.

2.2. pH Effect

Silica is amphoteric, which means it dissolves

under extreme acidic or alkaline conditions (Broek-

mans, 1999). Because the dissolution rates for many

simple oxides directly relate to the surface species

concentrations, the activated complex concentration

on an oxide can be assumed as proportional to the

surface species concentration and thus overall rate

(Brady and Walther, 1989). The rate determining

step for quartz is thought to be the breaking of the

Si-O bonds in the surface siloxane groups, which

occurs when H2O or OH- attack the siloxane

bridging bonds. One attack mechanism for the

quartz surface is water attacking the siloxane groups

(>Si2O).

 

(28)

 

(29)

The reaction rate would only be proportional to

the number of negatively charged silanol groups,

which increases in alkaline solutions (Dove, 1994).

Fig. 3. Experimental data in the range 200° to 900oC in

100oC increments displayed on a plot of log m vs log V

(Fournier and Potter, 1982).

Fig. 4. Quartz dissolution rates as a function of pH at 25oC

(Brady and Walther, 1989).
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Xiao and Lasaga (1996) used quantum mechanical

cluster calculations to show the quartz dissolves

according to Eqs. (28) and (29) with OH- ions

attacking the siloxane groups.

 

(30)

(31)

These calculations indicated the dissolution rate

is proportional to the OH- concentration. Because

the in situ pH and OH- activity, and thus concent-

ration, increase with the temperature while the

fraction of deprotonated surface sites remains

constant, the second mechanism tends to dominate

at higher pH values and temperatures. Also, high

pH condition yield increasingly negatively charged

surfaces due to the ionization of the >Si-OH

complex and increased >Si-O- formation (Brady

and Walther, 1990). This trend means the ionic

strength increase with the pH condition as indicated

by the increasing dissolution rate with increasing

ionic strength. The dissolution rate at a high pH

can thus be represented by:

(32)

The experimental results are shown in Fig. 4.

The slope with a rate of +0.3 is shown in the results.

Finally, the dissolution rate can be represented

as the sum of the near neutral pH and basic pH

mechanisms (Brady and Walther, 1990):

(33)

2.3. Stress Effect

Stumm and Morgan (1996) studied about the

stress effect for quartz dissolution mechanism as

follows. The partial derivatives for the Gibbs energy

with respect to temperature and pressure can be

represented by , and ,  and

, and  respectively. For

the equilibrium reaction, ΔG =∑νiμi = 0, where νi
is the stoichiometric coefficient and μi is the

chemical potential.

(34)

For a chemical reaction,  = 0, ΔG = 

and ΔV = . When ΔG = -RT ln K, where K

is the conventional thermodynamic equilibrium

constant, the variation of K with pressure can be

obtained:

(35)

where ΔV can be treated as the activation volume

and equals  for A+B→P. Therefore, the

rate constant varied with pressure as follows:

(36)

and the integration is given by:

(37)

The activation volume can be obtained by plotting

the log kP versus P (Stumm and Morgan, 1996).

Increasing the effective stress on the grains has

two consequences. On the one hand, it slows the

dissolution mechanism by decreasing the water

film thickness, and on the other hand, it increases

the force driving the diffusion. Under effective

stress and temperature conditions the solid/fluid

reaction kinetics are high because the water film is

∂G ∂T⁄( )
P

S–= ∂G ∂P⁄( )
T

V=

∂G ∂T⁄( )
P

S–= ∂G ∂P⁄( )
T

V=

ΣviMi ΣviMi

ΣviVi

VP VA– VB–

Fig. 5. A diagram showing the relationship between

disjoining pressure and water film thickness for distill

water film on silica surfaces (Tada et al., 1987).
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thin (Fig. 5). However, poor stress and temperature

conditions yield a slow reaction because the

diffusion becomes faster and driving force behind

solute transport decreases (Renard et al., 1997).

3. Conclusions

Previously, we observed dissolution mechanisms

for various temperatures, pH, stress, and ionic

strength. And we have seen how to theoretically

express this mechanism. Previous researchers

theoretically summed up the effect on each element

for the dissolution. The physicochemical conditions

that arise from these surfaces are critical to

understanding the dissolution mechanism. Since

the dissolution mechanism occurs on the surface

through the reaction between the solid and the

solution, the effect of pH, pressure and temperature

is very important. In order to understand the exact

dissolution mechanism, we should be able to

understand and interpret all the elements that are

theoretically explained.
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