Reaction Kinetics and Rates of geochemical processes

Reading: Chapter 11, Krauskopf & Bird, 1995; 50 – 64;71 – 78, Langmuir, 1997.
Definitions

· Equilibrium

· Steady State

· Residence time

· Half life or half time
· Partial Equilibrium

· Elementary vs. overall reactions

· Comparison between Half Time and Residence Times (Fig. 1).

· Approximate half times for different types of low T reactions (Table 1).

Differences between equilibrium thermodynamics and kinetics: when to apply each:
Thermodyanmics predicts what should happen, kinetics determines whether it actually does happen, and if so, how fast.
Examples: A spontaneous reaction going to completion and a reaction reaching equilibrium: both can be predicted from thermodyanmics (knowledge of Gr), however, whether the first reaction goes to completion or the second reaches equilibrium, depend on the kinetics of these reactions.

Rates of chemical reactions:

-dX/dt = k (X)n
where k is known as the rate constant, and "n" becomes the order of the reaction. The reaction order is defined as the sum of the exponents of the concentrations of the substances that appear in the rate expression (X in the above example).

X = X°e-kt
where t is the time.

Example: Dissolution of Ab & Kspar: (Figs. 2 & 3)


congruent vs. incongruent dissolution: can be determined from the slopes of the dissolution curves; constant slopes = equal rates of production of different species; therefore, if slopes for different species correspond to their stoichiometry in the mineral being dissolved, this means that the dissolution is congruent.


constant dissolution rate  steady state has been reached.


Note that the experimental results show that the reaction rate is not always proportional to its order.


Dissolution of feldspars and quartz depends on T, pH, and occurrence of other ions in solution (Figs. 4 & 5).

Factors affecting reaction rates:

1- reaction mechanism (rather than its order!)

2- T

3- How far away is the reaction from equilibrium

4- Degree of T overstep

5- Surface areas of minerals available for reaction

6- Catalysts: surface catalysts and chemical ones

Effects of T on the rate constant:

k = Ae-Ea/RT
where A is a constant specific to the reaction in question, Ea is the activation energy (Fig. 6), and the exponential "e-Ea/RT" is known as the Boltzman factor (corresponding to the fraction of atoms or molecules that manages to acquire the necessary activation energy from energy liberated by collisions of atoms).


Steady state: rate of formation of the activated complex = rate of its deactivation.

· Activation energies of some common geochemical processes (Table 2)


Activation energies for dissolution of common silicates are relatively small (Table 3).
Rough generalizations about kinetics:

1- Rates increase with T. Generally, as a rule of thumb, the rates of reactions double for every 10°C increase in temperature.
2- Some reaction rates influenced by light or some other forms of radiation, others by microbial activity.
3- Reactions involving ions are rapid, those involving diatomic species in air are slow.

4- Heterogenous reactions are enhanced by an increase in surface area

5- Importance of water

6- Catalysis: still poorly understood.

Practical Examples:
· Oxidation of Fe2+ at 25°C at different pH values (Fig. 7).

· Dissolution rates of common minerals (Fig. 8)

Mass Transfer:

Material is transferred by advection or diffusion. Advection is the displacement of matter in response to force. Diffusion is the flow of matter from points of high concentration to those of low concentration. The transport of matter by either method results in a "flux (J)".

Advective flux:

Jiadvection = v (i/x) 

where v is the velocity of advection (e.g. of the fluid carrying component i), and i is the partial mass density of component "i". Practically, advection is related to the permeability of rocks through Darcy's law.

Diffusive flux:

Jidiff = -Di (i/x) 

where Di is the diffusion coefficient. This relation is known as Fick's first law.

However, if diffusion is acting alone, then

(i/t)fluid = -(Ji/x)diff

and

(i/t)fluid = Di(2i/x2)diff

which is known as Fick's second law.

Total Flux J:

Ji = (Ji/x)advection + (Ji/x)diff =  v (i/x) -Di (i/x) 

Nucleation:

Is the development of temporary unstable clusters of atoms around which minerals can grow. Local thermal fluctuations result in the development of such clusters.

Factors promoting nucleation:

1-
In the case of crystallization from a hot solution, the degree of undercooling is very important: nucleation rate exhibits a maximum at some optimum degree of undercooling. At greater degrees of undercooling, the viscosity of the "fluid" may be high enough to hinder nucleation!

2-
Large surface energy promotes nucleation

3-
Presence of foreign particles also promotes nucleation (heterogenous nucleation).

Growth:


Growth rates are also a function of the degree of undercooling. Small amounts of undercooling and slow cooling rates result in maximum growth rates.


Growth is either diffusion controlled, or interface controlled.


Reaction rates and growth are enhanced by increased deformation.

