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Fundamental 
of 

Environmental Engineering

Chapter 2: Environmental Chemistry

Activity vs. Concentration

Activity: can be thought of as the effective or 
apparent concentration in water or that portion of 
the true mole-based concentration of species that 
participates in a chemical reaction.

{Ci}   = γi[Ci]

where {Ci} = activity of species i

γi = activity coefficient of species i

[Ci]  = concentration of species i
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Ionic Strength (I or µ) of the solution, mole/L: is 
used to determine the effect of other dissolved 
species or composition of the solution which affect 
a solute of interest.
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Chemical Kinetics

There are two very different approaches used in 
evaluating a chemical’s fate and treatment.

- Kinetics: deals with the rates of reactions.

- Equilibrium: deals with the final result or 
stopping place of reactions.
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Kinetics Approach:
- Used to understand how fast the reaction 

will occur.
- Applied for reactions either occur relatively 

slowly or are prevented from reaching equilibrium.
For examples, biologically mediated 

reactions, light-driven (photochemical) reactions, 
redox reactions, and decay of radioactive 
elements etc. 

“For kinetics approach, we need to 
know about the rate law”.

Equilibrium Approach:
- Used to determine to the final conditions 

that result from the reaction when they are likely to 
be of more interest than the rates at which the 
reaction occurs. 

- Applied for reactions happen very rapidly 
relative to the time frame of our interest.

For examples, acid-base reactions, 
complexation reactions, and some phase-transfer 
reactions (e.g., volatilization, dissolution etc.) etc. 
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“Both the equilibrium and kinetic approaches 
are based on thermodynamics”.

Only reactions that result in thermodynamically 
favorable changes in their energy state can occur. 
This change in energy state is called Gibb’s free 
energy change (ΔG).

Rate Law
aA + bB cC + dD

nm BARate ][][α
nm BAKRate ][][=

K         = specific rate constant
m, n    =  reaction order with respect to 

A and B, respectively
m + n  = overall reaction order
[A], [B] = concentrations of A and B,  

respectively
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The relationship between the rates of 
reaction for a single reaction step 

dDcCbBaA +⎯→←+
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Zero- and First-Order Reactions
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Catalysis
Catalysts are substances that increase the rate of reaction. 
They act by modifying The reaction or the nature of the 
activated complex so that the reaction may proceed 
through an activated complex with a lower activation 
energy.
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At equilibrium 

rf = rb

kf[A]a[B]b = kb[C]c[D]d

dDcCbBaA bf kk +⎯⎯ →←+ ,

Chemical Equilibrium

rf = kf[A]a[B]b rb = kb[C]c[D]d
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dc

BA
DCK

][][
][][

=

The Thermodynamics Basis of 
Chemical Equilibrium

For a closed system at constant pressure and 
temperature, the thermodynamic expression 
for free energy can be expressed as:

G = H-TS
Where G = Gibbs free energy , kcal

T = absolute temperature, K
S = entropy, kcal/K
H = enthalpy, kcal

Thermodynamics : the study of the flow of energy in 
matter. There are two ways of transferring energy to a 
system: heat the system or do work on the system.
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The enthalpy ( heat content of a substance) : 
is the amount of energy in the system capable 
of doing mechanical work. Natural systems 
tend to go from a state of higher energy to a 
state of lower energy. 

Enthalpy (H)

Entropy (S)
The entropy (energy of a substance that spreads 
out in a process): is the way to measure all kind of 
energy spontaneously spread out from where 
they are concentrated to where they are more 
dispersed. 

Free Energy (G)
The free energy (chemical potential of a 
substance) : a comparison of the changes of 
enthalpy and entropy during a chemical reaction. 
All spontaneous processes move toward 
equilibrium. 

“If the enthalpy and entropy for a chemical reaction 
have the same sign, there will be some temperature 
at which ΔH and TΔS will be numerically equal and 
ΔG will be exactly zero”. 
This state is the thermodynamic definition of a 
system at equilibrium.
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Exothermic reactions usually take place 
spontaneously. The products of an exothermic 
reaction have less energy than the reactants, 
therefore the reaction occurs naturally to reach a 
lower state of energy. 

Endothermic reactions do not take place 
spontaneously.

Isothermal reactions take place at a constant 
temperature.

Isobaric reactions take place at a constant 
pressure.

As any reaction proceeds an incremental amount, 
the change in GT, is proportional to ΔG

tan

i ii i
i iproducts reac ts

G G Gν ν⎛ ⎞ ⎛ ⎞
Δ = −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
∑ ∑

Where νi is the stoichiometric coefficient and        is 
the free energy per mole.

iG

1. ΔG is < 0 the reaction may proceed 
spontaneously as written.
2. ΔG is > 0 the reaction can not proceed 
spontaneously as written. Conversely, it may 
proceed spontaneously in the opposite direction to 
which it is written.

3. ΔG = 0 the reaction is at equilibrium
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, ln{ }
o

i f iG G RT i= Δ +

where      = the free energy per mole of substance i 
in a state other than standard measured relative to 
our established datum

iG

{i} = the active concentration, or activity, of species i 

* For ions and molecules in solution, {i} is related to 
the molar concentration, [i], by {i} = γi where γi is 
activity coefficient. As the solution becomes dilute, γi
approaches 1 and {i} approaches [i]

* For the solvent in a solution, {i} =γiXi where Xi is the 
mole fraction. As the solution becomes more dilute, γi
approaches 1. 
* For pure solids and liquids in equilibrium with a 
solution, {i} =1

* For gases in equilibrium with a solution, {i} = γiPi
where Pi is the partial pressure of the gas in 
atmospheres. As the total pressure decreases, γi
approaches 1. When reactions take place at 
atmospheric pressure, the activity of a gas can be 
approximated closely by its partial pressure.

* For mixtures of liquids, {i} = Xi where Xi is the mole 
fraction.
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ΔG for the general reaction can be calculated using 
the following equation:

{ } { }ln
{ } { }

c d
o

a b

C DG G R T
A B

Δ = Δ +

tan

o oo
i ii i

i iproducts reac ts

G G Gν ν⎛ ⎞ ⎛ ⎞Δ = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
∑ ∑

where

{ } = activity or active concentration 

o
iG = free energy/mole of species i at 25 oC and 1 atm

is called the standard free energy per mole of 
species i.

o
iG

For the reaction

aA bB cC dD+ ←⎯→ +

The reaction quotient, Q, can be written as:

{ } { }
{ } { }

c d

a b

C DQ
A B

=

Or in dilute solution
[ ] [ ]
[ ] [ ]

c d

a b

C DQ
A B

=

Therefore,
{ } { }ln ln
{ } { }

c d
o o

a b

C DG G R T G R T Q
A B

Δ = Δ + = Δ +
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When the system is at equilibrium (ΔG = 0), the 
value of Q is identical to that of the equilibrium 
constant K, we can write that

0 lnoG R T K= Δ +

lnoG R T KΔ = −

We obtain

ln ln ln QG R T K R T Q R T
K

Δ = − + =

Because the ratio of Q/K will determine the sign of 
ΔG for a reaction so we have another set of criteria 
to determine whether reactions are possible or not.

* If Q/K > 1, then the ΔG is positive and the reaction 
is impossible as written.

* If Q/K = 1, then the = 0 and the system is at 
equilibrium.

* If Q/K < 1, then the ΔG is negative and the 
reaction is spontaneous as written.
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Example 1
Determine the equilibrium constant for the reaction in 
which liquid H2O dissociates to H+ and OH- at 25 oC.

H2O                          -56.96
H+ 0
OH- -37.60

o
fGΔ

ΔGo = (1)(0) + (1)(-37.6) –(1)(-56.69) = + 19.09 kcal/mol

ΔGo = + 19.09 = -RTlnK

K = 9.96*10-15 (~ 10-14)

Example 2
From example 1, is the reaction proceeding as 
written when [H+] = 10-6 M and [OH-] = 5*10-8 M?

lnoG G R T QΔ = Δ +From

For dilute solution, the activity coefficient approaches 
one, therefore

ln [ ][ ]oG G R T H O H+ −Δ = Δ +

3

6 8

1 9 .0 9 2 .3 * 1 .9 8 * 1 0 ( / ) *
                      2 9 8 * lo g [(1 0 )(5 * 1 0 )]

G kca l m o l K
K

−

− −

Δ = + −

ΔG = +1.03 kcal/mol   the reaction is not 
spontaneous as written
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We can solve this problem alternatively using

ln QG R T
K

Δ =

6 8 1 4[ ] [ ] (1 0 )(5 * 1 0 ) 5 * 1 0Q H O H+ − − − −= = =

K = 10-14

Since Q/K > 1, ΔG must be positive. Therefore, the 
reaction as written is not possible.

An important property of standard free energy 
changes, ΔGo, is that they are additive. For 
example, if in two reactions the product of one 
reaction serves as a reactant in the other, the ΔGo

value for the combined reactions is the sum of the 
ΔGo values of the two reactions. 

2 2
3( ) 3sCaCO Ca CO+ −←⎯→ +

ΔGo (kcal)

+ 11.38
2

3 3CO H HCO− + −+ ←⎯→ - 14.09

2
3( ) 3sCaCO H Ca HCO+ + −+ ←⎯→ +

ΔGo of the overall reaction is -2.71 kcal.


