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9.18: Diffusion-controlled Reactions

Diffusion can be described as the random movement of particles through space, usually due to a concentration gradient. Diffusion
is a spontaneous process and is a result of the random thermal motions between two particles. The diffusion coefficient (D) can be
solved for with Fick’s laws of diffusion, which are broken up into two laws.

Fick’s First Law of Diffusion
Fick's first law of diffusion is given by the following equation:
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where

o J is the flux and is defined by the number or particles that are moving past a given region divided by the area of that region
multiplied by the time interval.

e The units of J are mol m?s!.

o The letter D represents the diffusion coefficient with units m? s and

e cis the concentration of the gradient with units molecules m™.

Equation 9.18.1 indicates that if the flux and the change in the concentration over time are known, then the diffusion coefficient
can be calculated. The negative sign indicates that the concentration gradient is negative. The first law can only be applied to
systems in which the conditions remain the same— in other words, if the flux coming into the system equals the flux going out.
Fick’s second law is more applicable to physical science and other systems that are changing. This second law is applied to systems
in which the condition are not steady, or the solution in not equal throughout.

Fick's Second Law of Diffusion
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Where ‘;—: represents the rate of change of concentration in a certain area and j—wg represents the changes that the change in

concentration can take; this would not be a smooth curve. This term accounts for a varying concentration in the system. If the
concentration does not vary, then

d’c
dz?
Diffusion can be thought of as a series of random steps that the particle takes as it moves from where it started. These steps can
either lead the particle away from where it started, or lead back to where it started. This means that the overall path that a particle

takes can look like line overlapping itself multiple times. A third way to calculate the diffusion concentration is through the
Einstein-Smoluchowski equation:
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where A is the length that each step takes, and 7 is the time that each step takes. In this particular model, each step is the same

distance.
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Figure 9.18.1: Scheme showing the mean free path 1 and the transport length 1*. from Wikipedia

The diffusion coefficient is useful because it can tell you something about the system. For example, different substances have
different diffusion coefficients, so knowing this can give you an idea of the substance. Ions at room temperature usually have a
diffusion coefficient of 0.6x107 to 2x10™ m?/s, and biological molecules fall in the range 107! to 10'° m?/s. The diffusion
coefficient changes as the properties of the system change. For example, at higher temperatures, the diffusion coefficient is greater
because the molecules have more thermal motion. The diffusion coefficient is also related to the viscosity of the solution. The
greater the diffusion coefficient, the lower the viscosity. Because the rate of diffusion depends on the temperature of the system, the
Arrhenius equation can be applied. Applying this equation gives:

D = [D],e Pv/ET (9.18.5)
The dependence of the diffusion coefficient on the viscosity can be modeled by the Stokes-Einstein relation:
_ 6’;; (9.18.6)
where a is the radius of the molecule and 1 is the coefficient of viscosity and is defined by:
n = n,ef ET (9.18.7)

This equation demonstrates the dependence of viscosity on temperature.
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