
Reaction Kinetics



REACTION FUNDAMENTALS

Once a pollutant enters a water body many things can happen to it 
(some relate to transport). E.g. it can be translated and dispersed by 
currents within the system, it can exit the system by volatilization, by 
sedimentation, or by transport along with outflowing water. 

The pollutant may also be transformed into other compounds via 
chemical and biochemical reactions.
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Suppose you want to perform an 
experiment to determine how a pollutant 
reacts after it enters a natural water. One 
approach is to introduce some of the 
pollutant into a series of well-mixed 
bottles, measured over-time under well-
mixed conditions (i.e. batch reactors).
Here we explore this data to characterize 
the effect of the reactions on the 
pollutant.



Reaction types

Heterogeneous reactions vs Homogeneous reactions

Reversible reaction
𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏 ↔ 𝑐𝑐𝑐𝑐 + 𝑑𝑑𝑑𝑑
Equilibrium chemistry

Irreversible reactions
𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏 → 𝑐𝑐𝑐𝑐 + 𝑑𝑑𝑑𝑑



Reaction types
A common example of an irreversible reaction 
is the decomposition of organic matter, 
represented by:

𝑐𝑐6𝐻𝐻12𝑂𝑂6 + 6𝑂𝑂2 → 6𝑐𝑐𝑂𝑂2 + 6𝐻𝐻2𝑂𝑂

where  is glucose, taken to be representation of organic matter (i.e when 
sewage is discharged into a receiving water). Organic matter in the sewage is 
oxidized by bacteria to form carbon dioxide and water.

Since it is slow, this is usually characterized as a one-way process though 
photosynthesis technically occurs in the reverse direction (also very slowly).



Reaction Kinetics

Kinetics (or the rate of such reactions) can be expressed quantitatively 
by the law of mass action (i.e. rate law):

“ the rate is proportional to the concentration of the reactants”
𝑑𝑑𝑐𝑐𝐴𝐴
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑘𝑘(𝑐𝑐𝐴𝐴, 𝑐𝑐𝐵𝐵, … )

The functional relationship 𝑘𝑘(𝑐𝑐𝐴𝐴, 𝑐𝑐𝐵𝐵, … ) is almost always determined 
experimentally with the common general form:

𝑑𝑑𝑐𝑐𝐴𝐴
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑐𝑐𝐴𝐴𝛼𝛼𝑐𝑐𝐵𝐵
𝛽𝛽



Reaction Kinetics

The powers to which the concentrations are raised (exponents) are 
referred to as the reaction order. α order with respect to reactant A 
(cA), β order with respect to reactant B (cB). Overall order is:

𝑛𝑛 = 𝛼𝛼 + 𝛽𝛽

Here we focus on a single reactant and thus this simplifies to:

𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑐𝑐𝑛𝑛

where c = the concentration of the single reactant and n= the order. 



Zero, First-, and Second-Order 
Reactions
Though there are an infinite number of ways to characterize reactions, 
the simplified form of reactions :

𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑐𝑐𝑛𝑛

with n = 0, 1, or 2 is the most commonly employed in natural waters. 





The Integral Method

Integral method consists of guessing n and integrating simplified 
equation (2.7):

𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑐𝑐𝑛𝑛



The Integral Method





The Differential Method

The differential method applies a logarithmic transform of
𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑐𝑐𝑛𝑛

to give:

log
𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑

= log 𝑘𝑘 + nlog(𝑐𝑐)

Advantage: automatically provides estimate of the order
Disadvantage: hinges on obtaining a numerical estimate of the
derivative



Numerical differentiation: uses finite difference 
approximations.





Initial Rates, Half-lives, Excess
Initial Rates

log
𝑑𝑑𝑐𝑐𝑜𝑜
𝑑𝑑𝑑𝑑

= log 𝑘𝑘 + nlog(𝑐𝑐𝑜𝑜)

Half-life
𝑐𝑐 𝑑𝑑50 = 0.5𝑐𝑐0

log 𝑑𝑑50 = log
2𝑛𝑛−1 − 1
𝑘𝑘(𝑛𝑛 − 1)

+ 1 − 𝑛𝑛 log(𝑐𝑐0)

Excess
𝑑𝑑𝑐𝑐𝑎𝑎
𝑑𝑑𝑑𝑑

= −𝑘𝑘𝑐𝑐𝑎𝑎𝑐𝑐𝑏𝑏
𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑

= − 𝑘𝑘𝑐𝑐𝑏𝑏0 𝑐𝑐𝑎𝑎 = − 𝑘𝑘𝑏𝑏2 𝑐𝑐𝑎𝑎





STOICHIOMETRY 

Several compounds may react to form other compounds. 

Thus we may want to determine “how much” of a reactant or product 
is consumed or created as the reaction proceeds. 

The answer resides in the stoichiometry, or the number of moles, 
taking part in the reaction.

𝑐𝑐6𝐻𝐻12𝑂𝑂6 + 6𝑂𝑂2 → 6𝑐𝑐𝑂𝑂2 + 6𝐻𝐻2𝑂𝑂



STOICHIOMETRY 

𝑐𝑐6𝐻𝐻12𝑂𝑂6 + 6𝑂𝑂2 → 6𝑐𝑐𝑂𝑂2 + 6𝐻𝐻2𝑂𝑂
How much of an individual element would be contained in  the 
production or consumption within reaction? E.g. how much oxygen 
would be consumed if 40gC m-3 of glucose reacted according to 
above?

𝑟𝑟𝑜𝑜𝑐𝑐 =
6 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑂𝑂2 × ⁄32𝑔𝑔𝑂𝑂 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑂𝑂2

6 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐 × ⁄12𝑔𝑔𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐
= 2.67 𝑔𝑔𝑂𝑂 𝑔𝑔𝑐𝑐−1

2.67
𝑔𝑔𝑂𝑂
𝑔𝑔𝑐𝑐

40
𝑔𝑔𝑐𝑐
𝑚𝑚3 = 106.67𝑔𝑔𝑂𝑂 𝑚𝑚−3



TEMPERATURE EFFECTS
The rates of most reactions in natural waters increase with 
temperature. A general rule of thumb is that the rate will roughly 
double for a temperature rise of 10° C.

The Arrhenius equation quantifies this temperature dependence more 
rigorously: 

𝑘𝑘 𝑇𝑇𝑎𝑎 = 𝑎𝑎𝑚𝑚
−𝐸𝐸
𝑅𝑅𝑇𝑇𝑎𝑎

where A =  a preexponential or frequency factor
E = activation energy (J mole-1)
R = the gas constant (8.314 J mole-1 K-1)
Ta = absolute temperature (K)



TEMPERATURE EFFECTS
The  Arrhenius equation is often used to compare reaction rate constant at two 
different temperatures by expressing the ratio of the rates: 

𝑘𝑘 𝑇𝑇𝑎𝑎2
𝑘𝑘 𝑇𝑇𝑎𝑎1

= 𝑚𝑚
−𝐸𝐸(𝑇𝑇𝑎𝑎𝑎−𝑇𝑇𝑎𝑎𝑎)
𝑅𝑅𝑇𝑇𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎

which can then be simplified with the following being defined as a constant:

𝜃𝜃 ≡ 𝑚𝑚
𝐸𝐸

𝑅𝑅𝑇𝑇𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎

And subsequently:
𝑘𝑘 𝑇𝑇2
𝑘𝑘 𝑇𝑇1

= 𝜃𝜃𝑇𝑇𝑎−𝑇𝑇𝑎

where temperature (T) is expressed in °C.



TEMPERATURE EFFECTS

𝜃𝜃 ≡ 𝑚𝑚
𝐸𝐸

𝑅𝑅𝑇𝑇𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑎

𝑘𝑘 𝑇𝑇𝑎
𝑘𝑘 𝑇𝑇𝑎

= 𝜃𝜃𝑇𝑇𝑎−𝑇𝑇𝑎



TEMPERATURE EFFECTS

In water-quality modeling many reactions are reported at 20°C. Then 
this usually simplifies the equation further to:

𝑘𝑘(𝑇𝑇) = 𝑘𝑘(20)𝜃𝜃𝑇𝑇−20

𝑄𝑄10 =
𝑘𝑘 20
𝑘𝑘 10

Substituting yields
𝑄𝑄10 = 𝜃𝜃10
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